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CHAPTER I 
INTRODUCTION 
A. General Background of Measurement 
Early in hi story traders, farmers, and tax collectors had a need 
to know lengths, weights, and volumes. Such units as the hand, foot, 
inch (length of the second bone of the index finger), and yard (distance 
from the nose to the outstretched hand) were established. These measur­
ing units were not easily misplaced, but the sizes of the parts of the human 
body varied. Later, a king decreed that the length of his arm was the legal 
yard . Seeing the royal arm could not be everywhere, a rod of equal length 
to the king's arm was constructed. The rod was the "secondary 11 standard 
of measurement with the king's arm as the "primary" standard. The second­
ary standard was usually kept at the palace . For a small fee merchants 
could go there to mark their own rods (1). 
Today the basic units of measurement are the meter, kilogram, 
second, and one electrical unit which may be chosen arbitrarily. The pri­
mary standard of the meter is defined as the distance between two marks 
on a certain piece of metal under specific conditions. The primary standard 
of the kilogram is defined as the mass of a certain metal cylinder. These 
standards are kept at the International Bureau of Weights and Measures at 
Sevres, France. The second is defined as 1/86, 400 part of a mean solar 
day. 
The electrical units of measurements are not defined in terms 
of exact fundamental units but are obtained by experimental means . 
Therefore, uncertainties exist in the values assigned to the physical 
reference standards available in the laboratory (2). The resistance of 
a column of mercury of uniform cross section and 106. 3 cm long having a 
mass of 14. 4521 grams at 0°C was found, experimentally, to closely rep­
re sent the ohm. 
The current of 1 ampere was developed as being the rate at 
whfoh - 0. 001118 gram of silver is deposited electrolytically from a silver 
nitrate solution in an interval of one second under spedfic conditions. 
The international units are based on the "mercury ohm" and the "silver 
ampere. " The "mercury ohm" and "silver ampere" were far from ideal 
and have been replaced by a resistance-alloy wire and the Weston normal 
cell kept under carefully controlled conditions (3). The primary standards 
of resistance, current, and voltage are kept at the National Bureau of 
Standards, Washington, D. C. 
Only the values of the ohm and the volt are maintained as 
primary standards. The measurement of any electrical quantity is obtain­
able through an appropriate combination of the ohm, volt, and time (4) . 
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Later, as improvements in measuring techniques were develop­
ed, it was apparent that the units of the reproducible standards were not 
equal to the units based on the cgs electromagnetic system. The absolute 
units which were adopted on January 1, 196 9, in the United States ·are the 
exact decimal multiples of the cgs electromagnetic units (5). Only pre-
j 
cision measurements requiring accuracy of O . 1  per cent or better may be 
affected by the change from international to absolute units (6). For 
example, a potential of 1. 000000 international volts is 1. 00033 0 absolute 
volts (7). The conversion factors are given in Table 1-1 (8). 
TABLE 1-1 
Factors for converting the value of an Electrical Quantity in International 
Units (NBS) to its value in Absolute Units. 
Quantity 
Resistance 
Electromatic Force 
Current 
Ohm 
Volt 
Ampere 
Conversion Factor * 
1. 000495 
1. 000330 
.999835 
* These are the factors by which the number representing the value of a 
quantity expressed in terms of an international unit must be multiplied to 
obtain the number representing the value of the same quantity expressed 
in terms of the absolute unit. 
The National Bureau of Standards maintains standards, but they 
have no power to enforce the use of accurate equipment. Only by voluntary 
submission of electrical standards from manufacturers, utility companies, 
and laboratories can the values of electrical measurements be kept on a 
uniform basis (9). 
The flow chart derivation for the basis of calibration from the 
· National Bureau of Standards to the calibration laboratory is shown in 
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Figure 1 -1 (1 0). 
B. Definition of Terms 
1. Calibration: 
Calibration is defined as the process of comparing a set of dis­
crete magnitudes or the characteristic curve of a continuously-varying 
magnitude with another set or curve previously established as a standard. 
Deviation between indicated values and their corresponding standard 
values constitutes the correction or calibration curve for obtaining true 
magnitudes from indicated magnitudes. The primary calibration procedure 
is that in which an instrument output is observed and recorded while the 
input stimulus is applied under precise conditions from a standard that 
is usually traceable to the U. S. Bureau of Standards (11 ). Calibration 
also is defined as the process of adjusting an instrument to fix, reduce, 
or eliminate the above-discussed deviation. Although some adjustments 
such as zeroing the meter were made, the word calibration will herein­
after refer to the first definition (1 2). 
2 . Accuracy: 
Accuracy is the capability of an instrument to follow the true 
value of a given phenomenon; or, in other words, the closeness to the 
truth or the correctness with which a measured value agrees with the true 
value (13) (14). Accuracy involves careful measurement in terms of an 
accurately known standard (15). Accuracy usually is given as a per cent 
of the full scale value. 
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3 . Precision or Repeatability: 
6 
Precision or repeatability is a measure of consiste nee or the degree 
to which successive measurements yield identical results. They relate to 
the performance of the instruments under essentially constant conditions 
(16). Precision is a necessary prerequisite to accuracy, but it does not 
guarantee accuracy (17) . 
Precision in regard to sharpness or clarity deals with the smallest 
part that a system or device can distinguish. Precision is a word associatec 
with possible or design performance, whereas accuracy and repeatability 
reflect actual performance. 
Repeatability is the deviation from the mean of corresponding data 
points taken from repeated tests under identical conditions. It is the 
difference in output for any given identically-repeated stimulus with no 
change in other test conditions (18) . 
4 . Primary Standard: 
A primary standard implies that it is the starting point or reference 
to which all others are compared directly or indirectly. In this manner 
only one primary standard could exist. However, a more flexible inter­
pretation of the word implies that the standards of each laboratory are 
primary standards. Voltage is a derived unit and is not truly primary. 
However, through flexible usage of the word primary, the standard cell 
is considered as a primary standard in many laboratories (l9). 
5 . Secondary Standard : 
Secondary standard instruments are calibrated by comparison with 
a standard cell by potentiometric method (2 O) . 
6 .  Systematic Error: 
A systematic error is defined as the bias quantity separating the 
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true value from an average value obtained by an infinite number of measure­
ments (21). 
7. Random Error: 
S ince it is impossible to perform an infinite number of mea surements, 
the average obtained by a fin�te number of readings is in error (22). An 
. illustration of systematic and random errors is given in Figure 1 -2 (2 3 ) . 
Random errors occur bec ause of changes in the measuring process such a s  
quantity, method , instrumentation , temperature, vibration, a nd magnetic 
fields. Random errors will force several independent measurements to be 
distributed randomly about their average value (2 4) .  When errors are com­
pletely random, they obey the laws of statistics ;  and the avera ge for an 
infinity of errors is zero. The National Bureau of · Standards gives the 
random part of their uncertainty as three times the standard deviation 
of a large number of calibrations (2 5 )  . 
C .  Aim of the Thesis  
The purpose of the research described in ·this thes i s  is  to 
establish means of caiibrating certain typical electrical equipment in 
FIGURE 1-2 
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order that a calibration laboratory may be initiated . 
The quantitie s to be considered are a c  and de voltage s , a c  and 
de current , re s i stance , and frequency . 
CHAPTER II 
PROCEDURES AND EQUIPMENT 
A. Precalibration Procedures 
When an instrument is received for calibration, its condition 
s hould be checked to make sure that it has no damage. Discoloration 
10 
of the scale caused by overheating and looseness of the glass window 
may warrant the instrument unfit for calibration. Friction can be detected 
by tapping the base and noticing the pointer j ump. The pointer should be 
deflected over the fu ll scale and back again to make sure it doesn ' t  stick 
(2  6) . 
A check for balance to see that the pointer has not been bent 
is to set the pointer at zero. The instrument is at balance if the pointer 
is at zero when the instrument is placed in the horizontal plane with the 
pointer straight away from the observer, when it is placed in the vertical 
plane, when it is placed in the horizontal plane with the pointer to left, 
and when it is placed back to vertical plane { 2 7 ) .  If the instrument has 
lack of balance, a level should be used during calibration and when the 
instrument is used { 2 8). 
The rubber case or glass window of an instrument should not 
be rubbed before a reading is taken as an electrostatic charge may affect 
the pointer. If a charge is bu ilt up, it can be reduced by breathing on 
the window ( 2  9) . 
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If the instrument has irregular divisions of the scale I it should 
be calibrated at a greater number of points. The cardinal points on the 
scale are usually laid off by comparison with a standard. On some 
instruments the subdivisions are carelessly made. The irregularities 
- --
of the subdivisions are often apparent on inspection (3 O) . If the sub -
divisions are of high quality , it is usually possible to apply linearly 
interpolated corrections from instruments in the 1/2 or 3/4 perce nt class. 
Instruments of the 1/4 or 1/10 percent accuracy class must have scales 
of very high quality (31) . 
The presence of a- de field in an unshielded permanent -magnet 
instrument can be detected by turning the instrument in different positions 
while it has steady current. It cannot be detected by simply taking read­
ings over the whole scale because these fields cause an equal percent­
age error all along the scale (3 2). Stray ac fields don 't  affect de instru­
ments unless they are strong enough to change the strength of the perman­
ent magnet. An electrodynamometer is an unshielded ac instrume nt. It 
may be checked by turning the instrument 180° while at a constant current 
because the scale is affected differently . Stray fields can be avoided by 
placing the instrument away from conductors carrying heavy current and 
twisting the leads together. Instruments should be placed apart and should 
not be placed on a piece of iron or iron bench (33). 
Resistors, meters, and leads must be watched for overheating. 
· 1 Z 
Resistors often have a wattage limit stated on them . The maximum current 
limit can be obtained from the equation r
2
R = P. On voltmeters the manu­
facturer may give this information by listing the "ohms per volt . "  If the 
full-scale current were 1 milliamp, the voltmeter may state the rating 
1, 0 0 0  ohms per volt . A 1 0-volt voltmeter of this type would then have a 
resistance of 1 0, 0 0 0 ohms (3 4) . 
B .  General Calibration Procedures 
Instruments may be in error due to original faulty calibration, 
mechanical wear or damage , change of strength of the magnet or deteriora­
tion of the insulation ( 3  5) . 
The frequency of calibration for instruments depends on a number 
of things such as the volume of equipment to be tested, the delicacy of the 
apparatus , and the type of personnel that handle the equipment. At the 
start calibrations should be more frequent until a case history for each 
instrument can be built up ( 3  6). 
A method should be chosen that makes use of available equipment 
to obtain the desired result with the accuracy required. Consideration must 
be given to reliability of the instrument, the conditions of the experiment, 
the time for setting up and operating the necessary equipment, and the 
accuracy attainable (3 7 ) .  
The accuracy ratio between the object under measurement and its 
calibrating device should be about 1 0  :1. However, in some cases a ratio 
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of 3 :1 is reasonable ( 3 8 ).  Instruments of  1/4 to  1/2 percent accuracy can 
be calibrated by comparison with standards of 1/10 percent accuracy or 
with a potentiometer (3 9). 
Meter readings too close to zero may be undersirable to calibrate. 
The upper three-fourths of the scale is usually acceptable (40).  
Parallax error in reading scales (resulting from reading scales 
at various angles) is avoided by the use of a mirror strip in an opening in 
the scale below the pointer. The pointer and mirror image should coincide 
at the correct position (41). · 
Generally, calibration of a deflection instrument is the establish­
ment of enough current through its coils to bring its pointer to one of the 
cardinal points on its scale. The cardinal point is used because it is a 
clearly marked division and a fraction of the full scale. If the reading is 
steady, the true value of the quantity being measured is determined by the 
standard meter or by a potentiometer. To check reproducibility the cardinal 
point may be approached from a higher value and from a lower value (4 2). 
Scale inaccuracies can be shown in terms of a correction curve. 
Correction curves should always have vertical correction scales which can 
be read to an accuracy which is equal to the last count. A correction curve 
does not need to be smooth. It is usually plotted as broken lines connect­
ing the cardinal points (4 3 ).  
C. Calibration Equipment · 
1. The Standard Cell 
2 5 6 7 2 3  SOUTH DAKOTA STATE UN IVERS ITY L IBRARY 
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There are two type s of standard cells ; the saturated and the un­
saturated cell. The saturated standard cell will have hystere sis  effects 
if it is  heated or cooled. Therefore, this type of cell must be kept in 
an oil bath at a constant temperature (44). 
The unsaturated standard cell is the link between the calibration 
laboratory at South Dakota State University and the National Bureau of 
Standard s. Hereinafter, the discu s s ion of any standard cell will refer 
to an unsaturated cell. 
The unsaturated standard cell is le s s  stable with age and has a 
shorter life. Under controlled conditions ,  the life of an unsaturated 
cell may be up to 2 0 years . The cell should not be · exposed to sudden 
large temperature change s and s hould not be exposed to temperature in 
exce s s  of 40° C .  The terminals of the standard cell s hould never be 
shorted or measured with a voltmeter (45). 
New unsaturated standard cells range from 1. 019 0 to 1. 0194 volts  
(4 6). The cell will decreas e about 0 .  0 04 percent in voltage each year. 
A cell s hould be discarded when it reache s 1. 0183 volts as the National 
Bureau of Standards doe s not certify cells with a lower voltage (4 7). 
The sequence in handling the connecting leads of the standard 
cell i s  important -to avoid accidental s hort circuiting. In making connec­
tions , connect the leads to the cell last. In removing the connections , 
disconnect the leads from the cell first. Polarity must be checked care-
1 5 
fully in connecting the standard cell and the working battery to the poten­
tiometer (48). 
The 73 08 Epply standard cell, Number 82 93 9 0 ,  which was purchased 
in August, 19 7 0 ,  should be kept as the working standard cell for the Leeds 
and Northrup K-1 and K-2 potentiometers. This cell had a voltage of 1. 01921 
volts at 2 5° C correct to O. 0 05 percent in July , 19 7 0. It was tested by 
reference standards of the Leeds and Northrup Company which were calibrat­
ed by the National Bureau of Standards in September , 19 6 9 .  
2 . The Potentiometer 
A potentiometer is an ideal instrument for measurement of voltages 
because it draws no current from the source when it is at balance , and it 
gives an accurate foundation of measurement (49). A closer determination 
than O. 00001 volts is not significant for a potentiometer unless the tempera­
ture is controlled. The change caused by temperature is about O. 0 0001 
volt for each degree centigrade change in temperature (5 O) . 
The South Dakota State University calibration laboratory has three 
potentiometers. The Leeds and Northrup 7551 K-1 potentiometer manufactur­
ed in 192 8 has an accuracy of ± 0. 05 percent of the full scale value of 1. 6 
volts (51). The batteries must be of sufficient capacity that the current 
will not change appreciably between readings (5 2). If the battery voltage 
is unsteady, balancing the potentiometer can be slow and tedious . Two 
1-1/2 volt flashlight batteries were first used with the potentiometer. 
These batteries gave unsteady readings. Two ignition dry cells were 
substituted to provide the necessary stability of readings. 
The Leeds and Northrup 7 552 K- 2 potentiometer , SDSU 6 842 6 * , 
manufactured in 19 54 has an accuracy of .:±- 0. 02 percent of the stated 
. .. 
value (53) . The same batteries and galvanometer used with the K-1 
1 6  
potentiometer can be used with the K- 2 potentiometer. The K- 2 potentio­
meter has a range of O. 0000001 to 1. 61 volts. The thermal emf caused 
by friction between the slidewire and its contact during the rotation of 
the slidewire hood usually is dissipated before a precise balance can be 
made and causes no concern (54). 
The Leeds and Northrup 8686 millivolt potentiomenter, S D SU 52455, 
has an accuracy of t O. 03 percent + 3 microvolts of the indicated value. 
Three 1-1/2 volt Eveready Number 736 NEDA 900 (hobby) batteries are 
required to operate the instrument. The built-in light beam galvanometer 
has a sensitivity of ± 7 .  5 microvolts per millimeter. It has a range of 
-10 . 1  to 100 . 1  millivolts for general use and 1010 to 102 0 millivolts for 
standard cell measurements. Because the accuracy of the instrument in­
cludes the accuracy of the standard cell, a change of voltage of the 
standard cell will affect the accuracy of the potentiometer (55). The 
voltage of the standard cell should be checked twice a year against the 
voltage of a 7308 Epply unsaturated cell that is kept only for comparison 
* The letters SDS U followed by a number refers to an inventory number. 
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purposes . On September 3, 19 70, the 8686 millivolt potentiometer was 
adjusted for standard cell voltage. The 7308 Epply standard cell Number 
82 93 90 was connected to the emf binding posts. The battery was adj usted 
while the function switch was at the EMF MEASURE position . T he function 
switch was turned to the STANDARDIZE position, the cap screw was removed 
and a screwdriver was used to adjust the standard cell voltage divider while 
the more sensitive galvanometer key was depressed ( 56) . 
3 .  Decade Resistance Boxes 
General Radio decade resistance boxes were used as voltage dividen 
The accuracy of each decade is ± 0. 05 percent of the terminal value of the 
decade. A quick check of each decade was run on the General Radio Type 
1 650A impedance bridge, SDS U  3 8 4 4 3, to see that no large scale error was 
present. The 100 ohms-per-step decade on the resistance box, SDS U  
2 873 3,  was found to be in error by a s  much as 2 4. 5 percent . No other · 
large errors were detected on any decades of the General Radio resistance 
boxes, SDSU 287 2 4, SDSU 2 8 7 30, and SDS U  2 8 7 3 4. 
4 .  Other Equipment 
The other references and basic equations used in calibration are 
discussed in later chapters. 
CHAPTER III 
CALIBRATION OF DC AND AC VOLTMETERS 
A . DC Voltmeter Calibration 
The fundamental method for calibrating de voltmeters uses is 
a potentiometer. However, this method is s low and is used mostly with 
high- grade standard meters where precision is important. 
Voltmeters with scale values of 1. 61 volts or less can be 
calibrated by direct comparison with the Leeds and Northrup 7 5 52 K-2 
or 868 6  millivolt potentiometers. The voltmeter to be designated as the 
secondary standard is connected in parallel with the potentiometer. The 
general circuit is shown in Figure 3-1 a. 
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Higher values of voltage mc1,y be measured by a similar method 
that uses a voltage divider or a volt box. The voltmeter to be the second­
ary standard is connected in parallel with a steady de source and a rheostat. 
Calibrated resistors providing voltage division are tapped at a level that 
can be measured by the potentiometer. The general circuit is shown in 
Figure 3-1 b. The voltage at the voltmeter terminals is obtained from 
where 
Vm = Vp 
(R2 + R!) 
Rl 
Vm is the voltage of the meter under test, 
Vp is the voltage of the potentiometer , 
(3- 1) 
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FIGURE 3-la 
G eneral Calibration Circuit Diagram for Voltages less than 1. 61 Volts 
E V 
FIGURE 3-lb 
General Calibration Circuit Diagram for Voltages greater than 1. 61 Volts 
Rz 
E 
and 
R1 a nd Rz are the res i stances of the voltage d ivider . 
When the range of voltage to be mea sured i s  very high , the 
multiplying re s i stors can be mounted in a number of boxe s thu s reducing 
the potent ial d ifferenc0 between ne ighboring wire s and making it ea s ier 
t o  insulate them ( S 7 )  . 
Volta ge s in the millivol t range can be measured dire ctly by 
the potentiometer .  The same lead s u s ed i n  calibration should b e  u s ed 
during a ctual s ervice ( 5  8 ) . 
Two meters were calibrated a s  secondary volta ge standard s . 
The General  E lectric Type DP- 12 voltmete r ,  SDSU 4 7 5 4 2 , wa s u s ed for 
the low voltage ranges  of 0- 5 volt s and 0-15 volts . A Hewlett- Packard, 
SD SU 6 4 04 4 , 0- 3 0  volt , 0- 3 0 0  milliarrip power supply wa s u s ed a s  a steady 
de power supply . Th e supply volta ge wa s coarsely adj u sted by varing 
the voltage of the power supply . A l OK rheostat  and a 1 .  SK rhe ostat 
were u s ed a s  a fine adj u stment . 
The meter  did not zero and stuck at certa in levels of deflection . 
After re pair the meter  would only zero in .the horizontal pos it ion . 
A diagram showing the equipment u s ed a nd the circuit con­
figuration i s  shown in Figure 3 - 2 . 
A warm- u p  time of 2 0 minute s near full- s cale  voltage wa s ma in-
FIGURE 3-2  
0- 5, 0- 15  Volt DC Voltmeter Calibration Circuit 
E 
E : Hewlett- Packard Power Supply , SDSU 64044 
Rvl: Variable Rheostat for fine control 
R1: Voltage Divider Resistor - General Radio Decade Resistance Box, 
SDSU 3 8 742 , 7 k  ohms 
Rz: Voltage Divider Resistor - General Radio Decade Resistance Box, 
SDSU 3 8 7 4 2 , 3k ohms 
P : Leeds & Northrup K- 2 Potentiometer , SDSU 684 2 6 
V : General Electric Type D P-12 DC Voltmeter 0-5, 0-15 Volt Scales, 
1/4 percent accuracy , SDSU 4 7 54 2 
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tained to allow for any change s due to heating in the serie s  re sistors , 
springs, or other parts of the in strument. The power was then turned 
off, and the mechanical zero was reset to maintain its z ero reading (59) . 
Potentiometer readings were tak en as the cardinal numbers on 
the voltmeter were approached from upscale and down scale � The s e  values 
were averaged and the corrections computed. Table s 3 -1 and 3 -2 s hows 
I 
the value s for the 0 -5 and 0 -15 volt range s. Table 3 -3 is a rerun of the 
0 -5 volt range to show repeatibility of the figure s .  Graph 3 -1 shows the 
correction curves. 
The other secondary standard voltmeter, SDSU 4 7 543,  was used 
for higher de voltage s. This Gen eral Electric concentric -magnet, moving 
coil, Type DP- 1 2  meter has scale range s of 0 -150, 0 -300, and 0 -750 volts . 
The mechanism is  s hielded to minimize the effects of any external magnetic 
fields. 
A Shasta power supply was tried as a de s ource, but it did not 
supply a steady enough voltage to allow the potentiometer to be read . 
Lambda power supplies provide a steady voltage. Three of the se ·supplie s 
were connected in s eries  in order to bring the voltage level up to 650 volts . 
The range s of the supplie s are 0 -200 volts  for Model C -480M , 0 -2 00 volts 
for Model c -2 80M , and 2 00 -325 volts for the operating range of t he 0 -350 
volt s cale for Model 32 M. 
Figure 3 -3 ·shows the circuit diagram and equipment u s ed for 
TABLE 3-1 
Calibration Data for 0- 5 Volt Secondary Standard at 2 5  °C 
Voltmeter Potentiom8tcr Potentiometer Average Correction 
Reading Reading * Reading * *  Potentiometer Factor # 
SDSU 4 7 5 4 2  SDS U 6 84 2 6 . SDSU 6842  6 Reading *** (volts) 
(volts) (volts)  (volts)  (volts) 
0 
• s· . 15 0 2  8 • 15 0 5 0  • s o  1 3  +. 0 0 13 
1 . 0 . 3 0 02 7 . 3 0 0 8 8  1 . 0 0 19 + . 0 0 19 
l. 5  . 4 5 0 05 . 45 142 1 .  5 02 5  + . 002 5 
2. 0 . 5 9 744  . S 9 845  1 . 9 9 32  - . 0 0 6 8  
2. 5 . 74463 . 7443 7 2 .  4 8 17 - . 0 183  
3 . 0  . 8 9 05 7  . 8 9  1 1 1  2 .  9 6 9 1 - . 03 0 9  
3 . 5  1 . 04 0 14 1 . 040 9 7  3 . 46 85 - . 0 3 15 
4 . 0  1 .  1 8 82 9 1 .  18 8 5 8  3 .  9 6 15 - . 03 8 5  
4 . 5  1 .  3 3 65 5  L 3 3 444 4 .  45 17 - . 04 8 3  
5 . 0 1 .  4 83 5 0  1 .  480 7 0  4 . 94 03 - . 05 9 7  
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
** Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potentiometer reading multiplied by the volt.age divider 
resistance of 10/3 
# The true value (average potentiometer reading) minus the indicated 
value (voltmeter s etting) 
TABLE 3-2 
Calibration Data for 0-15 Volt Secondary Standard at 2 5 °c 
Voltmeter Potentiometer Potentiometer Averag·e Correction 
Setting Reading * Reading ** Potentiometer Factor # 
SDSU 4 7542 SDSU 6 8 426 SDSU 6 8 42 6  *** (volts) 
(volts) (volts) (volts) (volts) 
0 
I . 10 035 . 10 045 1. 0 0 4  + . 0 04 
2 . 2 0 09 1  . 2 0 14 4 2. 0 12 + . 0 12 
3 . 3 0 09 I . 3 0 192 3 . 0 14 + . 0 14 
4 . 3998 8  . 4 0  1 1 1  4. 0 05 + . 0 05 
5 . 499 02 . 49963 4. 993 - . 0 0 7  
6 . 597 10 . 5983 8 5. 97 7 - . 02 3  
7 . 59450 . 69564 6.  95 1 - . 0 49 
8 . 793 09 . 7942 6 7. 93 7  - . 063 
9 . 89 02 5  . 8 9  13 0 8. 9 0 8  - . 092 
10 . 98944 . 98955 9 . 895 - . 105 
1 1  I. 0 8902 1. 0 8 893 10. 890 - . 1 10 
1 2  I. 18 76 8 1. 1865 0 1 1. 8 7 0  - . 13 0 
1 3  1. 2 8594 1. 2 86 0 0  12 . 86 0 - . 14 0 
14 I. 3 8352 1. 3 84 12 13 . 83 8 - . 162 
1 5  1. 4 86 14 1. 4 82 62 14. 8 4 4  - . 156 
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
** Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potentiometer reading multiplied by the voltage divider 
resistance of 10/1 
# The true value (average potentiometer reading) minus the indicated 
value (voltmeter setting) 
24  
TABLE 3-3 
Calibration Data for 0-5 Volt Secondary Standard at 2 5 ° C 
Voltmeter Potentiometer Potentiometer Average Correction 
Setting Reading * Reading **  Potentiometer Factor # 
SDSU 47542 SDSU 68426 SDSU 68426 Reading ***  (volts) 
(volts) (volts) (volts) (volts) 
0 
. 5 . 1502 7 . 150 04 . 50 06 +. 0 0 06 
1. 0 . 3 0 02 6  . 3 0 096· 1. 002 0 +. 0 02 0  
1. 5 . 45060 . 45 140 1. 5033 +. 0 033 
2. 0 . 59 7 0 1  . 59855 1. 992 6 -. 0 0 74 
2 . 5 . 742 9 7  . 74442 2 . 4790 -. 02 10 
3. 0 . 88863 . 88943 2 . 963 4 -. 0366 
3. 5 l. 03876 l. 0397 0 3. 4641 -. 0359 
4. 0 l. 1862 7 l. 1873 6 3. 95 6 1 -. 0439 
4. 5 1. 3343 8 1. 33453 4. 4482 - • 05 18 
5. 0 1. 48043 l. 48063 4. 935 1  -. 0649 
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
* * Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potent iometer reading multiplied by the voltage divider 
resistance of 10/3 
# The true value (average potentiometer reading) minus_ the indicated 
value (voltmeter setting) 
2 5  
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FIGURE 3 - 3  
0-15 0,  0-3 0 0, 0-6 5 0  Volt DC Voltmeter Calibration Circuit 
Rv1 
R1 
Rz 
E - R3 
R4 
E : Lambda Power Su pplies, Models C-48 0M, C- 2  S O M, and 3 2 M  
Rv1: Va riable Rheostat 
R1: Voltage Divider Resistor - General Radio Decade Resistance 
Box, SD S U  3 8 7 2 4  
Rz : Voltage Divider Resistor - General Radio Decade Resistance 
Box, SDS U  3 8 7 3 4  
R3 : Voltage Divider Resistor - General Radio Decade Resistance 
Box, SDS U  3 8 73 3 
R4 : Voltage Divider Resist or - General Radio Decade Resistance 
Box, SD S U  3 8 7 3  0 
V: Ganeral Electric Type D P- 12 DC Voltmeter, SDSU 4 7 543 
P: Leeds and Northrup K-2 Potentiometer, SDS U  6 8 4 26 
2 7  
2 8  
the three voltage scales. Four decade resistance boxes were used to 
keep the heat dissipation at a minimum. Rheostats were used for coarse 
and fine voltage control as the Models C- 4 80M and C- 2 S O M  Lambda supplies 
can only be varied in 5 0 volt steps. 
Tables 3- 4, 3- 5,  and 3-6 show the calibration data for the 
0- 15 0, 0- 300, and 0- 750 volt scales, respectively. Graph 3- 2 shows 
the correction curves for the three above- mentioned ranges. Tables 3-7 
and 3- 8 show the repeatibility of the data pertaining to the 0-15 0 volt 
scale. Graph 3-3 shows the correction curve for the three 0-15 0 volt 
range tests. Table 3- 4 shows the results with R1, Rz , and R3 of Figure 
3-3 as 33, 000 ohms each and R4 as 1, 000 ohms .  Tables 3- 7 and 3- 8 
show the results with R1 , Rz , and R3 as 99, 000 ohms each and R4 as 
3, 0 0 0  ohms. The higher values in Table 3- 4 were probably due to heat-
ing of the resistance boxes. 
The following derivation provides an error calculation for the 
voltages shown in the tables. 
From equation (3-1) 
In general, 
2 9  
TABLE 3-4 
Calibration Data For 0- 15 0 Volt Scale Secondary Voltage Standard at 2 5 °c 
Voltmeter Potentiometer Potentiometer Average Correction 
Setting Reading * Reading ** Potentiometer Factor #" 
SDSU 47543 SDSU 68426 SDSU 68426 Reading * ** (volts) 
(volts) (volts) (volts) (volts) 
0 
3 0  . 3 0 14 0 . 30 166 30. 15 + .  15 
40 . 40 1 12 . 40 104 40. 11  + .  1 1  
50 . 5 02 09 . 50 175 50. 19 + .  19 
60 . 60 164 . 60068 60. 12 + .  12 
7 0  . 7033 7  . 70245 70. 29 +.29  
80 . 80 183 . 80 186 80. 18 + .  18  
90 . 90053 . 90056 90. 05 +. 05 
100 l. 0024 4 1. 00 193 100. 22 +.22  
1 10 l. 10296 1. 10254 1 10. 28 +.2 8 
12 0 1. 20 199 1. 202 10 12 0. 2 0 +. 20 
130 l. 304 10 1. 3046 1 130. 4 4  +.4 4  
140 1. 40378 l. 4036 7 140. 3 7 + . 3 7  
14 5 1. 45306 1. 453 10 145. 3 1 +. 3 1  
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
** Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potentiometer reading multiplied by the voltage divider 
resistance of 100/1 
# The true value ( average potentiometer reading) minus the indicated 
value (voltmeter setting) 
TABLE 3 - 5  
Calibration Data for 0-300 Volt Scale Secondary Voltage Standard a t  25 °c 
Voltmeter Potentiometer Potentiometer Average Correction 
Setting Reading * Reading ** Potentiometer Factor # 
SDSU 4 7543 SDSU 684 2 6  SDSU 684 26 Reading * * *  
(volts) (volts) (volts) (volts) (volts) 
0 
60 . 30 2 03 . 30 13 9  60. 3 4  +. 3 4  
80 . 40 146 . 40 2 10 80. 3 6  +. 3 6  
100 . 50 209 . 5 02 2 6 100. 44 +. 4 4  
12 0 . 60 14 1  . 60 104 1 2  0. 2 5 +. 25 
140 . 70304 . 703 2 2  140. 63 +. 63 
160 . 80 188 . 80 194 160 . 38 +. 38 
180 . 900 17 . 90 103 18 0. 1 2  +. 1 2  
200 1 . 00 195 1. 00 164 200. 36 +. 3 6  
2 2 0  1 . 10 170 1. 10 230 2 20. 40 +. 40 
240 1. 20 145 1. 20 153 240 . 30 +. 30 
260 1 .  304 16 1. 30398. 260 . 8 1  +. 8 1  
280 1 . 40 29 2  1. 40457 280 . 75 +. 7 5  
290 1 . 45085 1. 45085 290. 17 +. 17 
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
* *  Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potentiometer reading multiplied by the voltage divider 
resistance of 2 00/1 
# The true value ( average potentiometer reading) minus the indicated 
value (voltmeter setting} 
30 
3 1  
TABLE 3 - 6  
Calibration Data for 0- 7 5 0  Volt Scale Secondary Voltage Standard at 2 4 °c  
Voltmeter Potentiometer  Potentiometer Avera ge Correction 
Setting Read ing * Reading ** Potentiometer Fact or # 
SD S U  4 7 54 3  S D SU 6 8 42 6 SDSU 6 842 6 Reading * *  (volts )  
(volts )  (volt s )  (volt s )  (volts )  
0 
1 5 0 . 3 02 4 2 . 3 02 S 1 1 5 1 .  12  + l . 12  
2 0 0 . 4 02 5 3  . 4 02 5 1 2 0 1 . 3 6 + l . 3 6 
2 5 0  . 5 02 9 2  . 5 02 7 1 2 5 1 .  4 1  + 1 . 4 1 
3 0 0 . 6 02 5 3  . 602 69 3 0 1 . 3 1  + 1 . 3 1 
3 5 0  . 7 05 10  . 7 0 5 5 4 3 5 2 . 6 6 +2 . 6 6  
4 00 . 8 03 8 8  . 8 0 3 8 5  4 0 1 . 9 3  + l . 9 3 
4 5 0  . 9 02 2 3  . 9 0 3 3 0  4 5 1 . 3 8  + l . 3 8 
5 0 0 1 .  0 042 7 l .  0 0 5 05 5 0 2 . 3 3 +2 . 3 3  
5 5 0  1 . 1 0 5 3 7  1 .  1 0 4 7 3  5 5 2 . 5 3 +2 . 5 3  
6 0 0  1 . 2 0 3 6 6  1 .  2 0 4 62 6 02 . 0 7 +2 . 0 7  
6 5 0  1 .  3 0 7 5 3  1 . 3 0 6 6 5 - 6 5 3 . 5 5 +3 . 5 5 
* Approaching the cardinal numbers of secondary standard voltmeter 
·from downscale 
** Approa ching the cardinal numbers of secondary standard voltmeter 
from up scale 
*** Avera ge pote ntiometer reading multiplied by the voltage divider 
re s istance of 5 0 0/1 
# True value (avera ge potentiometer reading) minu s  the indicated 
value (voltmeter s etting) 
3 2  
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TABLE 3-7 
Calibration Data for 0-150 Volt Scale Secondary Voltage Standard at 25 °c 
Voltmeter Potentiometer Potentiometer Average Correction 
Setting Reading * Reading ** Potentiometer Factor # 
SDSU 47543 SDSU 6 84 26 SDSU 6 84 26 Reading (volts) 
(volts) (volts) (volts) (volts) 
0 
30 . 30 118  . 30 145 30. 13 +. 13 
40 . 40 1 17 . 400 2 2  40. 07 +. 0 7  
5 0  . 50 150 . 501 23 5 0. 14 · +. 14 
60  . 60080 . 60051 60. 07 +. 07 
70 . 70 2 67 . 70 2 8 1  70. 27 +. 2 7 
80 . 80 19  1 . 80 150 80. 17 +. 17  
90 . 8 9 9 85 . 9000 2 8 9. 9 9  -. 0 1  
100 1. 00 180 1. 00137 100. 16 +. 1 6  
1 10 1. 10 2 21 1. 10 2 05 110. 2 1 +. 2 1  
1 20 1. 2007 1 1. 20086  1 20. 08 +. 0 8  
130 I. 30346  1. 303 90 1 30. 37 +. 3 7  
140 I. 40 2 94 1. 40 2 86  140 . 2 9 +. 2 9  
150 I. 5003 9 1. 50 105 1 50. 07 +. 07 
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
** Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
*** Average potentiometer reading multiplied by the voltage divider 
resistance of 100/1 
# The true value ( average potentiometer reading) minus the indicated 
value (voltmeter setting) 
3 3  
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TABLE 3 -8 
Repeatability Data for 0-150 Volt Scale Secondary Voltage Standard at 2 7  °C 
Voltmeter Potentiometer Potentiometer Average Correction 
Setting Reading * Reading * *  Potentiometer Factor # 
SDSU 47543 SDSU 6 84 26 SDSU 6 8 4 26 Reading * * *  (volts) 
(volts) (volts) (volts) (volts) 
0 
3 0  . 3 0 1 2 0  . 3 0073 3 0. 10 +. 10 
40 . 4 0  103 . 40096 40. 10 +. 10 
5 0  . 5 0 13 1 . 50 143 50. 14 +. 14 
6 0  . 6 0033 . 6006 2 6 0. 05 +. 05 
7 0  . 702 66 . 702 63 70 . 2 6  +. 2 6  
8 0  . 8 0  12  0 . 80 14 2 8 0 . 13 +. 13 
9 0  . 8998 0  . 9000 2 89. 99 -. 0 1  
100 1. 00 136 1. 00 190 100. 16 +. 16  
1 10 1. 10 143 1. 10 234 1 10. 19 +. 19 
12 0 1. 2 006 2 1. 2 0087 12 0 . 07 +. 07 
13 0 1. 3 03 64 1. 3 0356 13 0. 3 6  +. 3 6  
140 1. 4 02 89 1. 4035 2 140. 32 + .  32 
150 1. 5007 2  1. 5 003 8 150. 06 +. 0 6  
* Approaching the cardinal numbers of secondary standard voltmeter 
from downscale 
* *  Approaching the cardinal numbers of secondary standard voltmeter 
from upscale 
** * Average potentiometer reading multiplied by the voltage divider 
resistance of 100/1 
# The true value ( average potentiometer reading) minus the indicated 
value (voltmeter setting) 
-
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From calculus , 
Evaluating the partial derivatives from equation (3 -2) , gives 
and 
a f = Rz + R1 aVp Rl 
a f = V 
- -!Jl. 
a Rz R1 
...£1.. = -V pR2 
d R1 R12 
Substituting into equation (3 -2) 
3 6 
(3-2)  
(3-3) 
where 6Vp, 6 R2 and .6 R1 are sub stitued for dVp � dRz and dR1 because the 
errors are s mall . . At 3 0 volt s  in Table 3 -7, the potentiometer voltage , VP , 
measures . 3 013 with the error in its mea surement due to potentiometer in;­
accuracy of � O. 02 percent. Rz is  composed of three res istors of 99 , 0 0 0  
ohms each with the maximum error in each resistor of -t O .  0 5  percent. R1 
is nominally 3, 0 0 0  ohms and the pos sible error in its value is � 0. 05 per­
cent. The worst ·case occurs when the signs . of the errors in the res istors 
are opposites. 
6.Vm = 1, 0 0 0 , 0 00 (. 0 002) (. 3 013) + 0. 3 013 (0. 0 015) (2 97 , 0 0 0) 
3 , 000 3 , 0 00 
-0. 3 013 . ( -0. 0005) (3, 00 0) (2 97 , 0 0 0) 
3 , 0 002 
37  
= 0. 0 7 9 74 
Vm = (0 . 3 013 )  3 0 0 , 0 0 0  
3 , 0 0 0  
= 3 0 . 13 
Therefore, 
6 �
m
m = 0 . 0 7 9 7 4 
30 . 13 
== 0. 2 64 7 %  
Table 3- 9 shows the worst possible potentiometer error and voltage 
divider error . The reading error in this table is based on one standard 
deviation limit from zero of Tables 3-7  and 3-8. 
B. AC Voltmeter Calibration 
Although some ac potentiometers have been constructed , they 
are more complicated , do not consider waveform errors, and do not have 
anything comparable with the standard cell of de  potentiometers (69) . 
For the calibration of ac voltmeters , an electrodynamometer 
voltmeter is generally used as a transfer instrument; it is initially 
calibrated with de and then used for the calibration of ac instruments. 
This method also insures that the ac effective or rms values of voltage 
are equivalent to the de values ( 61). A true rms value can be determined 
by taking the mean of four values obtained by approaching the cardinal 
Point from upscale and downscale for each direction of polarity ( 6 2) .  
The electrodynamic meter should b e  removed several feet 
TABLE 3- 9 
Error Data for 0-15 0 Volt Scale of Secondary Voltage Standard SDSU 
Voltmeter Error in Error in Error in Total 
Indication Reading� Potentiometer "!c *  Voltage Error * 
Divider *** 
(volts) (%) (%) (%) (%) 
3 0  ± 0. 065 9 ± 0 . 0667 ± o . 19 8 0  . 3 3 06 
15 0 ± 0 . 0 104  ± 0 .  0667 ± 0 .  19 8 0  . 2 75 
* · Based on 1 a- limit of difference between Table 3- 7 and Table 
3-8/true value of Table 3-7 
** Based on ( ( (R1 + R2) / Rz)lNp) /Vm 
*** Based on ( (Vp / R1) 6R2 + ({Vp Rz / Rf)6R1 )) /Vm 
# Error in reading + error in potentometer + error in voltage divider 
3 8  
from ferromagnetic material such as steel table tops and iron piping and 
from large current-carrying conductors , as they may have field effects 
upon the meter under calibration (63) . The electrodynamic voltmeter 
that is adjusted for 60 Hz has an error of about 0. 0 55  percent at 1 8 0  Hz 
and an error of about 0 . 156 percent at 3 0 0  Hz (64). 
The circuit diagram for calibration of the General Electric Type 
P- 3 electrodynamometer , 0-15 0 ,  0- 3 0 0  volt voltmeter , SDSU 4 72 5 8 ,  is 
the same as Figure 3-3  with the Type P- 3 meter replacing the Type DP-12 
· meter. Tables 3 -1 0  and 3 -11 give the readings and corrections for the 
scales . 
. The Hewlett Packard 400E ac voltmeter , SDSU 59416 , was used 
to calibrate voltages at high frequencies . 
A thermocouple was also used as a transfer device . The 
Western Electric Corporation vacuum thermocouple was used in calibrat­
ing the Hewlett Packard 4 0 0E ac voltmeter. The circuits used are shown 
in Figure 3-4. When the ac portion of the circuit is connected , 
(3- 4) 
3 9  
With the de portion of the circuit connected , the current through the heater 
is 
lh = Id 
Rh 
Rm '  
+ Rm '  
(3- 5) 
(Rh + Rm') 
The ac-dc difference _of the thermocouple was considered to be negligible; 
TABLE 3-10 
Calibration Data for 0-15 0 Volt DC-AC Secondary Voltage Standard at 24 °C 
+ + + on - - on -
Voltmeter Potentiometer Potentiometer Potentiometer Potentiometer 
SDSU 47 258 Reading * Reading * *  Reading * Reading ** 
( volts) (volts) (volts) ( volts) 
4 0  . 3937 7 . 3849 2 . 39 149 . 39 1 0 0  
5 0  . 4892 0 . 4 93 18 . 4 9 0 7 4  . 4 9 2 5 0  
6 0  . 59 438 . 5 9 15 7 . 59 178 . 59 10 9 
7 0  . 69 2 6 0  . 69 283 . 69 082 . 6 9 04 6  
80 . 7 9 3 12 . 7 9  162 . 6 9 084 . 7 9  1 12 
9 0  . 89 2 02  . 89 0 7 3  . 89 02 7 . 8889 2  
10 0 . 9 9  162 . 98854 . 98848 . 9896 0 
1 10 1. 092  9 4  1. 08380 1. 0884 0 1 . 08865 
12 0 L 1935 1 1 .  184 02 1. 18808 1. 187 7 4  
13 0 1. 2 9 3 26 1. 28556 1. 2862 0 1. 286 2 2  
140 1 .  39 088 1. 38 188 1. 385 16 1. 3847 4  
15 0 1. 48802 1. 48965 1. 48537 1. 48359 
* Approaching the cardinal number of secondary standard voltmeter from downscale 
** Approaching the cardinal number of secondary standard voltmeter from ups cale 
Average 
Reading 
***  
( volts) 
39 . 42 0  
4 9 . 6 3 2  
5 9 .  8 13 
6 9 . 8 6 0  
7 9 . 96 0  
8 9 . 9 6 5 
9 9 . 9 46 
10 9 . 933 
12 0. 0 2 2  
130 .  06 9 
139 . 9 5 3  
15 0. 153 
*** Average potentiometer reading multiplied by the voltage divider resistance of 3 03 , 0 0 0/3, 0 0 0  
# The true value (average potentiometer reading) minu s the indicated value (voltmeter setting) 
Correction 
Factor # 
( volts) 
- . 58 
- . 3 7 
- . 19 
- • 14 
- . 04  
- . 04  
- . 05 
- . 0 7 
+. 02 
+. 0 7  
- . 05 
+. 15 
� 
0 
TABLE 3-11 
Calibration data for 0-3 0 0  Volt DC- AC Secondary Voltage Standard at 24 °C 
Voltmeter 
SDSU 4 7 2 5 8  
8 0  
10 0 
12 0 
14 0 
16 0 
18 0 
2 0 0 
2 2 0  
2 4 0  
260  
2 8 0  
3 0 0 
+ on ±  
Potentiometer 
Reading * 
(volts) 
.7 9 0 7 4  
.9 8 9 7 4  
1 .  18 4 6 2 
1 .3 8 2 6 9 
1 .  58 225 
.59 7 0 1  
.663 63 
. . 73 15 4 
. 7 9 70 8  
.864 6 8  
. 93 10 2 
. 9 9 7  14 
- on ± 
Potentiometer Potentiometer Potentiometer 
Reading * *  Reading * Reading **  
(volts) (volts) (volts) 
.7 8 835 .7 8 9 2 6 .7 8 2 27 
.9 8 4 7 0  . 9 8 0 9 2  .9 855 1 
1 .  184 63 1 .  18 12 7 1 .  184 0 0  
1 .  3 8 4 2 3 1 .  3 8 223 1 .3 8 058  
1 .583 8 1 1 .  583 2  7 1 .  58 9 83 
. 5 9 7 1 1  .59 69 2 .59 6 4 4  
.663 0 2 .  .6 63 2 7  .6 63 2 9  
.73 0 22 .73 0 28 .73 053 
.7 9 73 0  .7 9 7 4 9  .7 9 7 04 
.8 6 2 4 9  .8 6 4 9 7  • 8 63 19 
. 9 2  9 6 5  .92 83 9  .92 9 0 0  
.9 9 6 84 .9 9 83 6  .9 9 7 2 8 
* Approaching the cardinal numbers of secondary standard voltmeter from downscale 
** Approaching the cardinal  numbers of secondary standard voltmeter from upscale 
Average 
Reading 
***  
(volts) 
7 9 .553 
9 9 .5 0 7  
1 19 . 547 
13 9 . 6 2  6 
16 0 .0 64 
17 9 . 65 8 
19 9 .654 
2 19 .9 23 
23 9 .9 6 6  
26 0 .0 14 
27 9 .7 84  
3 0 0 . 2 19 
*** Average potentiometer reading multiplied by the voltage divider resistance of 3 03, 0 0 0/3 , 0 0 0  
# The true value (average potentiometer reading) minus the indicated value (voltmeter setting) 
Correctic 
Factor # 
(volts) 
- .4 7 
- . 4 9  
- .45 
- .3 7  
+ .0 6  
- .3 4  
- .35 
- . 0 8 
- .03 
+. 01 
-. 2 2  
+ .  22 
� ..... 
FIGURE 3-4 
Calibration Circuit for 4 0 0E AC Voltmeter with Thermocouple 
e :  
e V) a Ia 
j 
R I m 
Hewlett Packard Mod el 233A for frequencies 60 Hz to 10 KH z . 
and Hewlett Packard Model 6 06A signal generator for freque ncies 
100 KHz to 5 MHz 
Hewlett Packard 400E AC Voltmeter, SDSU 5 9 41 6  
General Radio d ecade resistor, SDS U 3 8 734 
Western Electric vacuum thermocouple 
Leeds & Northrup 8 6 8 6  millivolt potentiometer, SDSU 5 2 4 5 5  
Leeds & Northru p  K- 2 potentiometer, SDSU 6 84 2  6 
10 ohm secondary standard resistor 
Rm 
42 
43  
therefore, Ia equals Ih . Rm equals Rm , because the same General Radio 
decade resistance box, SDSU 38730, was used . Therefore 
V - v  Rm a - P 7<s (3- 6)  
The voltage is then independent of  the emf-vs- current character­
istic and the heater resistance of the thermocouple (6 5) . Normally, the 
average of the two directions of current is used as the de reference in trans­
fer measurements. However, only one direction was used here for convenienc 
and rapidity of measurement ( 6 6) .  The maximum change in series resistance 
as_ a function of frequency for the resistance box, SDSU 38730, is shown 
in Graph 3-4 . Frequencies above 5 MHz were not used. 
A Hewlett Packard Model 23 3A signal generator was used to 
calibrate the 400E meter on the O .  3, 1, and 3 volt scales from 60 to 10, 0 00 
. . . 
Hz and a Hewlett Packard 606A signal _generator was used to calibrate the 
400E meter on the O .  3, 1, and 3 volt scales at the frequencies of lO OkHz, 
S O OkHz, 1MHz, and 5MHz as shown in Figure 3 -4. Table 3 -12 gives the 
true voltage values of the 400E meter for the various frequencies and scale 
ranges as measured with the thermocouple . The corrections at the various 
frequencies and voltages are given in Table 3-13 . 
The 400E voltmeter was then compared with the Type P -3 volt-
meter as shown in Figure 3 -5 .  The readings and corrections are given in 
Table 3-14 . The calculated voltage of t!}e 400E · voltmeter is obtained from 
(3- 7) 
� 
(1) 
•r-t 
�1� 
GRAPH 3-4  
Maximum Percentage Change in  Resistance a s  a Function of Frequency for Decade Re sistance Boxes 
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TABLE 3-12 
Calibration Data for Hewlett Packard 400E Voltmeter 
Voltage of 400E 
Voltage Mea sured by Thermocouple 
6 0Hz 500Hz 1, 000Hz 5 ,  000H z 
( volts)  (volts) (volt s ) (volt s )  (volt s )  
. 3 Volt Range 
. 1 . 09 8 4 3 5  . 09 843 5- . 09 84 3 5  . 09 84 3 5  
. 2  . 19 709 . 19 5 7 6 . 19  5 7 6 . 1957 6 
. 3 . 2 9 192  . 2 9 1 19 . 2 9 1 6 9  . 2 9 1 7 3  
1 Volt Range 
. 2  . 19 7573  . 19 757 3 . 19 75 7 3  . 19 757 3 
. 4  . 3 9 3 3 94 . 3 9 3 3 9 4 . 3 9 3 3 9 4  . 3 9 3 3 9 4  
. 6 . 590856 . 590856 . 590856 . 590856 
. 8 . 7 89 62 1 . 7 89 6 2 1 . 7 8 9 62 1 . 7 8 9 6 2  1 
1. 0 . 9 82 6 6 1 . 9 8 2 6 6 1 . 9 8 2 66 1 . 9 82 6 6 1 
3 Volt Range 
1 . 9 9 7566  . 9 9 75 6 6  . 9 9 756 6 . 9 9 7 5 6 6 
2 1. 9 74 82 1. 9 7 4 82 1. 9 7  4 8 2  1. 9 7 4 82 
3 2 . 9 3 9 3 8 2 . 9 3 7 18 2 . 9 3 7 18  2 .  9 2  7 18 
10 , 000Hz 
(volts) 
. 09 84 35 
. 19 604 
. 2 9 1 18 
. 1 9 7 5 7 3  
. 3 9 3 3 9 4  
. 590856 
. 7 8 9 62 1 
. 9 82 6 6 1 
. 9 9 75 6 6  
1. 9 7 4 82 
2 . 9 3 4 4 8  
.b 
(Jl 
TABLE 3-12  (cont. ) 
Calibration Data for Hewlett Packard 4 00E Voltmeter 
Volta ge of 4 0 0E 
Voltage Measured by Thermocouple 
lO 0kH z 5 0 0kH z 1MHz 
(volts) (volts) (volts) (volts) 
• 3 Volt Range 
. 1  . 0 9 7 6 8 1 . 0 8 2 4 8 6 . 0 5 8 5 9 1 
. 2  . 194 0 3  . 16 5 8 1  . 13  17  9 
. 3 . 2 9 1 8 3  . 2 4 8 0 3  . 19  7 5 9 
1 Volt Range 
. 2  . 1964 6 . 194 02  . 194 02  
. 4  . 3 964 7 . 3 8 6 7 8 . 3867 8  
. 6 . 5 9 3 3 5  . 5 7 7 9 4  . 4 7 7 0 0  
. 8  . 7 9 04 9  . 7 7 283 . 765 58 
1. . 986 6 1 . 9 6 5 5 3  . 9 5 562  
3 Volt Range 
l . 986 3 1 . 9 7  4 12 . 9 8 6 2 9 
2 1. 9 64 7 1. 9 5  0 1 1. 9 5 9 5  
3 2 . 9 3 7 5  2 . 9 2 6 4  2 . 92  18 
5 MH z  
(volts) 
. 02 9 3 5 8  
. 0 5 9 2 10  
. 0 8 9762  
• 1 3 4 2 4 
. 2 64  82 
. 3 9 2 57 
. 5 2  0 18 
. 6 9 5 6 6 
. 9 05 6 0 
1. 77 2 5 
2 .  6 5  14 
� 
O') 
TABLE 3-13  
Correction for Hewlett- Packard 400E AC Voltmeter 
Voltage Corrections at Variou s Frequencies 
of 400E 
60 Hz 500Hz l, 000Hz 5, 000Hz 
(volts)  (volt s )  (volt s )  (volt s )  (volts )  
. 3 Volt Range 
. 1 - . 00 1565 - . 00 1565 - . 00 1565 - , 00 1565 
. 2 - . 002 9 1 - . 004 2 4  - . 0042 4  - . 0042 4  
. 3  - . 00808 -. 008 8 1 -. 0083 1 - . 0082 7 
1 Volt Range 
. 2  - . 002 42 7 - . 002 4 2 7 -. 002 4 2 7 - . 002 42 7 
. 4  - . 006 606 - . 006 606 -. 006 606 - . 006 606 
. 6 - . 009 144 -. 009 144 -. 009 144 - . 009 14 4 
. 8  -. 0 1037 9  - . 0 1037 9  - . 0 103 7 9  - . 0 1037 9  
1. 0 - . 0 17 3 3 9 -. 0 17339 - . 0 17339 - . 0 17339 
3 Volt Range 
1. 0 - . 002 4 3 4  -. 002 4 3 4  -. 002 4 3 4  - . 002 4 3 4  
2 . 0 - . 025 1 8  - • 025 18  -. 025 1 8  -. 025 1 8  
3. 0 - . 06062 -. 062 82  - . 062 82  - . 062 8 2  
10, 000Hz 
(volt s )  
-. 00 1565 
- . 003 9 6  
- . 00 8 82 
- . 002 42 7 
- . 006 606 
-. 009 144 
-. 0 103 7 9  
- . 0 17339 
- . 002 4 3 4  
- . 02 5 1 8  
- . 06552 
� 
""-J 
TABLE 3-13 {cont . )  
Correction for Hewlett- Packard 4 00E AC Voltmeter 
Voltage Correction s at Variou s Frequencies 
lO 0kHz 500kHz 1MHz 
(volts) (volts) ( volts) 
• 3 Volt Range 
. l - .002 3 19  - . 0 1 7 5 14 - . 04 14 19  
. 2  - . 005 97 - . 034 19 - . 0682 1 
. 3 - . 009 17 - . 05 197 - . 102 4 1  
1 Volt Range 
. 2  - .00354 - .0059 8 - . 005 9 8  
. 4  - . 003 5 3  - . 0 132 2 - . 0 132 2 
. 6 - . 0066 .S - . 02 2 06 - . 1 2 3 00 
. 8 - . 0095 1 - . 02 7 17 - . 03 4 42 
1 . 0  - .0 13 3 9  - . 034 47 - .04 438 
3 Volt Range 
1 - .0 1369 - . 0258 8 - • 0 13 7 1 
2 - . 0353 - . 04 9 9  - . 04 05 
3 - . 0625 - . 0736 - . 07 8 2  
5MHz 
(volts) 
- . 070642 
- . 04 07 9 0  
- . 2 102 3 8 
- . 06576 
- . 13 5 18 
- . 2 0 7 43 
·- . 2 79 8 2  
- . 3 04 3 4  
- .094 4 0  
- . 2 2 75 
- . 3 4 86 
A 
a, 
FIGURE 3-5  
Circuit for Comparing 4 0 0E AC Voltmeter with P- 3 AC  Voltmeter 
e v-, 
1 
e: Superior Electric Powerstat Type 3 PN116 transformer , SDSU 5 2 2 84 
Vi: General Electric Type P-3 Electrodynomometer Voltmeter , SDSU 
472 58 
R2: two General Radio decade resistance boxes , SDSU 3872 4  and 
SDSU 387 3 4  
R1 : -- General Radio decade resistance box , SDSU 38734  
Vz :  Hewlett Packard 4 0 0E AC Voltmeter , SDSU 59416 
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TABLE 3-14 
Comparison of Electrodynamometer AC Voltmeter with 400  E Voltmeter at 60  Hertz 
Voltage of P- 3 Re sistance Divider Voltage 400  E· · Voltage 400 E 
.t.:licated Va�:.:.e Calculated 
Value 
(volts)  (ohm s/ohm s)  (volts)  (volts )  
0 .  3 volt scale of 400E 
1 13 .  0 \ . � 0 0 , 0 C O  /1 £ 0 . 10 . 0 903  
12 7 . 0 2 00 , 000/300  • 2 0 • 1902  
1 14 . 2  2 00 , 000/500  . 3 0 . 2 84 8  
1 volt scale of 400E 
12 7 .  2 2 00 , 000/3 00 • 2 0  • 1 905  
1 13 .  1 2 0 0 , 000/7 00  . 4 0 . 3 945  
1 19 .  0 2 0 1 ,  0 0 0 /1 , 0 0 0 . 60 • 5 92 0  
107 . 0 2 0 l , 5 0 0 /1 ,. 5 0 0 . 8 0 . 7 9 65  
1 1 1 . 8 2 0 1 ,  8 0 0 /1 , 8 0 0 1 . 00 . 99 72 
3 volt scale of 400E 
1 13 .  1 2 0 1 ,  8 0 0 /1 , 8 0 0 1 . 00 1 . 0 0 8 8  
102 . 2  2 04 , 000/4 , 000  2 . 00 2 . 0 0 3 9  
12 2 . 9 2 05 , 000/5 , 000  . 3 . 00 2 . 9 9 7 6  
* indicated value of ·4 00  E minus calculated value of 400  E 
Correction * 
(voit s )  
- . 009 7 
- . 0 099  
- . 0 152 
- . 0 0 9 5  
- . 0 0 5 5  
- . 0 0 8 0  
- . 0 035  
- . 002 8 
+ . 0 0 8 8  
+ . 0 039  
- . 0 0 24  
c.n 
0 
where 
and 
5 1 
V4 0 0E i s the voltage of the 4 00E voltmeter,  
Vp- 3 i s  the voltage of the General Electric electrodynam o­
meter ac  voltmeter ,  
R . D .  is  the ratio of the volta ge divider .  
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CHAPTER IV 
CALIBRATION OF DC AND AC AMMETERS 
A. Low Current DC and AC Ammeter Calibration (0-10 Amps) 
The General Electric magnetic vane ammeter , SDSU 4 72 95 ,  with 
ranges of 0- 5 amps and 0 -10 amps was calibrated on de by using a Leeds & 
Northrup 4 3 60 0.1 ohm , 15 amp standard shunt , SDSU 2 9 2 04 ,  and the K�2 
potentiometer. The standard shunt was inserted in series with the ammeter 
to be calibrated a s  shown in Figure 4-1 and 4-2.  Other resistors were used 
in series with the meter for controlling the current. This magnetic vane 
instrument may be used as a transfer instrument. It i s  calibrated on de · 
a 1d then used for calibration of ac instruments up to 133 hertz. 
Three O. 3 3 ohm , 2 5 0 watt , resistors connected in parallel were 
used to control the current. At low currents (up to 2 amps) a two foot 
length of nichrome wire was also used to control the current. A six volt . .  
automobile battery furnished a steady current. 
Although calibration i s  conventionally carried out at the cardinal 
points , there is no real necessity for this. In practice , interpolation for 
actual readings is required whether the meter is calibrated at the cardinal 
points or other places. 
Figure 4-1  shows the circuit diagram for calibration below two 
amperes. Figure 4- 2 shows tpe circuit diagram employing the six O. 3 3  
FIGURE 4-1 
0- 2 Amp D- C Current Calibration Circuit 
E 
E :  6 volt, 12 0 ampere hour battery 
R1 : 0. 33 ohm 250 watt resistor 
Rz : 1. 1 ohm 
Rv : 2 feet nichrome wire with a resistance of 1. 6 3  ohms/ft 
R5 : Leeds & Northrup 4 3  6 0 0 . 1  ohm, 15  amp standard shunt , 
SDSU 29 2 04 
A :  Ge neral Electric ac-dc magnetic vane ammeter , SDSU 4 7 2  9 5  
P :  Leeds & Northrup K- 2 potentiometer, SDSU 6 8 4 2  6 
5 3  
FIGURE 4-2 
2 -10 Amp DC Current Calibration Circuit 
r - - - - - - ­
- - - - - - - - - - 7 
I 
I 
I 
I R 
I 
I 
I 
L _ _ _ _ _  _ _ _ _ _ _ _ _ .J 
E: 6 volt , 12 0 ampere hour battery 
A: General Electric ac-dc magnetic vane ammeter , SDSU 4 72 9 5 
R5 : Leeds & Northrup 4360  0. 1 ohm , 15 amp standard shunt , SDSU 
- 2 92 04 
R: six 0. 3 3  ohm , 2 5 0  watt resistors in various combinations 
S: double pole , double throw switch 
P: Leeds & Northrup K- 2 potentiometer , SDSU 68426 
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ohm resistors connected in different combinations in the dotted area. Table 
4-1 gives the calibration data for both the 0-5 and 0-10 amp scales. The 
first reading of the group is with a positive polarity at the ± terminal. The 
second reading of the group is with negative polarity at the ± terminal. The 
third reading is the average of the two readings divided by the O . 1  ohm 
resistance . The correction column shows the true value of the average 
current minus the indicated value of the ammeter. 
The current measurements were made by placing a potentiometer 
in parallel with a standard shunt. From Ohm' s Law 
In this case 
From calculus 
Therefore 
I =  E 
I = f ( E, R). 
dI = a f dE + a f dR 
aY a1f 
21 = 1 
d E  R 
and 
( 6  7) 
The above equati on can be represented by 
(4- 1) 
(4- 2 )  
(4- 3 ) 
5 6  
TABLE 4- 1  
Calibration Data for 0- 5 ,  0-10 Amp General Electric AC-DC Ammeter , 
SDSU 4 7 2 9 5 , with 0 . 1  Ohm , 15 A mp Leeds & Northrup Standard Shunt 
Ammeter Potentiometer Potentiometer Average Correction* 
Read ing Reading Reading Current 
(forward cur- (reverse cur-
rent flow) rent flow) 
(amps) (volts) (volts) (amps) (amps) 
0- 5 Amp Scale 
0 
1 . 5 . 15 0 8 0  . 1 5  0 8 6  1. 5 0 83  +. 0 0 8 3  
2 . 0 . 2 00 7 0  . 2 0 0 7  1 2 . 0 0 7 0  + . 0 0 7 0 
2 . 9 5 5  . 2 9 5 5 2  
2 . 9 5 5  . 2 9 5 5 0 
2 . 9 5 5  2 . 9 5 5 1 + .  0 0 0  1 
4 . 4 8  . 44 9 9 5  
4 . 5 0 . 4 5 02 4  
4. 4 9  4 . 5 0 10 + .  0 1 1 0 
0- 10  Amp Scale 
3 .  05  . 3 05 5 2  
3 .  02 . 3 0440  
3 .  03 5 3 . 04 9 6  + . 0 14 6  
4 . 6 8 . 4 6 9 0 5 
4 . 6 5 . 4 6 6 9 5  
4 . 6 65 4 . 6 80 0  + . 0 1 5 0  
5 .  14 . 5 15 0 0  
5 .  15 . 5 15 7 0  
5 .  14 5 5 .  15 3 5  + . 0 0 8 5  
6 . 2 5 . 6 2 5 5 0  
6 . 2 7 . 62  7 5 5  
6 . 2 6 6 . 2 6 54 + . 0 05 4  
7 .  10  . 7 1 17 0  
7 .  2 1 . 7 2 2 0 0 
7 .  15 5 7 .  1 6 8 5  +. 0 13 5  
*Average Current - Ammeter Reading 
6 I = 1 �E - E 6 R ( 6 8 )  R R2 (4- 4) 
if the error quantit ie s  are sma ll with re s pect to the mea sured quantitie s .  
The worst ca se s occur when the s igns of the errors a re not 
alike . The limit s  of e rror value s of the systematic errors a re determined 
by the worst ca s e  s olution (6 9 ) . 
For example at 1 � 5 amps , the average voltage i s  O . 15 0 8 3  volts 
:tO . 0 2  percent of the potent iometer indication while the re s istance i s  O . 1  
ohm t O .  04 percent of thi s  value . 
6 1 = 1 ( 0 . 0 0 02 ) ( 0 . 15 0 83) + 0 . 15 0 83  ( 0 . 0 0 04 }  ( 0 . 1) 
0� o .  12 
= 0 .  0 0 0 9 0 4 9 8  
6! = 0 .  0 0 J 04 9 8  
T L 5 0 8 3  
= 0 .  0 0 ') 6  
= 0 . 0 f. %  
Hence , the worst ca s e  mathematically related systematic error is t O .  0 6  
percent of the ammeter indication at the specified current level . 
The probable systematic error or uncertainty i s  
= /(a f 6 E)
2 + ( £· 6 R) 2 P . E . '
cffi a R 
( 4-- 5 ) 
5 7  
= u_ (0 . 0 0 02 )  (o . 1s o a 3 )  2 + ( 0 . 15 0 8 3) ( 0 . 0 0 04 )  ( 0 . 1) 
0 . 1 0 . 12 
= ± 0 . 0 6 8 % (9 ) . 
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B. H igh Current DC Ammeter Calibration (1 0-50 amps) 
At high current levels , an external shunt is often used. The 
resistance of a 50  amp , 50  mv shunt was measured as 0 . 0 0 14 on the 
General Electric Kelvin portable double bridge, SDSU 56 651 . Table 4-2 
shows how a 50 mv, 50 am p shu nt heated up over an interval of 3 0  minutes 
at a current of approximately 3 7 amps . Graph 4- 2 shows the graphical 
representation of the data. A copper- constantan thermocouple was used 
to measure the temperature variation. The circuit diagram is shown in 
Figure 4 - 3 . The three . 33 ohm resistors in parallel heated u p  cons ider­
ably during the 3 0 minute interval. Referring to the table for the con­
version of thermocou ple voltage temperature , Bulletin No . 0 7  7 9  8 9  from 
Leeds and Northru p, the 5 0  amp , 5 0  mv shunt heated u p  2 5 . 3 ° C in 15 
minutes and 2 8 .  0 °C in 3 0  minutes . A higher rated current shunt was 
then used to reduce this heating . 
A 10 0 amp ,  50  mv shu nt was connected in the place of the 
5 0  amp , 50 mv shunt shown in Figure 4-3 . The "cold II resistance. of 
the shunt was measured as 0 .  0 0 0531 ohms on the SDSU 56 651 Kelvin 
d ouble bridge. Approximately 3 9 amps of current was passed through · 
the shunt for 15 minutes . Table 4�-3 shows the thermocouple voltage 
of the copper and constantan thermocouple as measured on the milli­
volt potentiometer. At the end of the 15 minutes the shunt was removed 
from the circuit and again measured with the Kelvin double bridge. N o  
TABLE 4-2 
Temperature vs Time Data Showing Heating of S O  Amp, 5 0  Mv Shunt 
at Approximately 3 7  Amps 
Time Thermocouple Temperature 
Voltage 
(min. ) (mv) ( O C) 
0 .84 0  2 1. 3 
2 1 .  3 18 33. 0 
4 1. 4 2 4  3 5. 5 · 
6 1. 5 77 3 9. 2  
8 1. 659 4 1 .  1 
10 1. 7 73 43. 9 
12 1 .  82 0 4 5. 0 
14 1. 884 4 6 .5  
15 1. 89 1 4 6 .6 
16 1. 898 4 6 .8 
1 8  - 1. 89 1 4 6. 6 
2 0  1. 9 05 47 . 0  
2 2  1. 9 05 4 7. 0 
2 4  1 .  935 4 7 . 7  
2 6  1. 958 4 8 . 2  
2 8  1. 950 48. 0 
3 0  2. 0 04 49 . 3  
· 5 9  
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Time vs Temperature for 5 0 Amp , 5 0 Mv shunt at  Approximately 3 7 Amps 
0) 
0 
FIGURE 4-3 
Circuit Diagram for Measuring Thermocouple Voltage of Shunt 
s 
R 
E -
E: 6 volt, 12  0 am pere hour storage battery 
S: double pole switch 
R: three O. 3 3  ohm 2 5 0  watt resistors in parallel 
Tc: copper and constantan thermocouple 
R 5 : 5 0  amp, 5 0  mv shunt 
P: Leeds & Northrup 8 6 8 6  millivolt potentiometer, SDSU 52 455 
A: uncalibrated 0- 5 0 amp de  ammeter 
6 1  
TABLE 4-3 
Temperature vs Time Data Showing Heating of 100 Amp, 5 0  Mv Shunt 
at Approximately 3 9 Amps 
Time Thermocouple Temperature 
Voltage 
(min. ) (mv) ( O C) 
0 . 92 2  2 3 . 3 
1 1. 02 0 2 5. 8  
5 1. 22 7 3 0. 8  
10 1. 3 63 3 4. 1 
15 1. 4 10 3 5 . 2  
62 
change in the resistance was observed at approximately 2 0  seconds 
after the shunt was removed from the circuit . 
If the approximate formula 
is used for the shunt with R1 as the "cold I I  resistance and using an ex 
for copper of O .  00393 ohms per degree Centigrade, the new resistance 
value after the 15 minute interval would be 
RJ5 = 0. 0053 1 ( 1  + ( 0. 00393) (11 . 9 ) )  
= 0. 0005558 .1t 
However, as stated above, the Kelvin bridge showed no observable 
change in the resistance. The shunt material is probably not copper but 
manganin and does not vary with temperature as copper. 
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A second General Electric portable Kelvin double bridge , SDSU 
2 49 83, was used to measure the resistance of the 100 amp, S O  mv shunt . 
The measured value was O. 00053 1 which agrees with the previous measure­
ment of the resistance of the shunt. Therefore, it was concluded that the 
twice-measured value of O. 00053 1 ohm of the shunt is the correct value 
since that value was obtained on both Kelvin bridges. 
The ammeter was then calibrated as shown by the circuit 
diagram of Figure 4- 4 . A Weston de ammeter Model 45 , Number 3 0012, 
SD SU 4 7350, with rated accuracy of 1/2 of one percent of full scale value 
was placed across the 100 am p, 50 mv shunt. Table 4 - 4  lists the voltage 
FIGURE 4-4 
Calibration Circuit for 0-5 0 Amp DC Current 
Ir 
I 
s I 
I 
I 
I 
E - I 
L 
E :  6 volt , 12 0 ampere hour storage battery 
S :  single pole switch 
- --
- -- --
R :  six 0. 3 3  ohm , 2 5 0 watt resistors in  various combinations 
A:  uncalibrated 0-5 0 amp de ammeter 
7 
I 
I 
I 
I 
I 
I 
_J 
Rs : 100  amp , 5 0  mv shunt 
As: Weston ammeter movement , SDSU 4 7 3 5 0 , with leads to shunt 
P: Leeds & Northrup 8686 millivolt potentiometer , SDSU 5 2 4 5 5  
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TABLE 4-4 
Calibration Data for Secondary Current Standard 0- 5 0 Amp DC Ammeter 
Res istance Potentiometer Ammeter 
of Shunt Voltage of Indication of 
Shunt Shunt 
SD SU 5 2 45 5 SDSU 4 735 0 
(ohm s) (mv) (mv) 
0. 0 0 0 5 3 1 4 . 699 4 . 8 0 
0. 0 0 0 5 3 1 5 . 7 8 2 5 . 9 0 
0. 0 0 0 5 3  1 8 . 0 0 8  8. 0 0  
0 .  0 0 0 5 3  1 19. 2 2 0 19. 2 5  
0.  0 0 0 5 3  1 2 4. 4 7 4  2 4 . 6 
* Ammeter indication acros s shunt/resistance of shunt 
** Potentiometer voltage of shunt/resistance of shunt 
# True current minus ammeter current 
True 
Current * 
(amps) 
8. 849 
10 . 8 8 9  
1 5  � 0 8  l 
3 6 .  196 
4 6. 090 
Ammeter 
Current **  
(amps) 
9. 040 
1 1 . 1 1 1  
1 5. 0 6 6  
3 6. 2 5 2 
46 . 3 2 8  
C orrection # 
(amps) 
- . 19 
- . 2 2  
+. 0 2  
-. 0 6 
- • 2 4  
en 
en 
indications of the potentiometer and ammeter in parallel with the s hunt 
which are divided by the resistance of the shunt to obtain the true current 
and ammeter current . The corrections are obtained by taking the ammeter 
current less the true current . 
The mathematically related error can be determined using the 
same formula as for smaller de current . 
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CHAPTER V 
RESISTANCE STANDARDS 
Standard resistors are used for reference purposes in the 
calibration of resistance equipment. They should be close to some 
nominal value and be accurately known. Their stability i s  dependent 
upon proper construction and care (71). Standard resistors are usually 
available commercially in decimal multiples of the unit in the range 
from O. 0 0 01 ohm to 1 0, 0 0 0  ohms. Resistors come with two or four 
terminals. Generapy , the standard resistors of 1 ohm and less have 
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four terminals ;  and the higher standard resistors have two terminals . 
Precision re-sisters are usually adjusted to O. 01 percent or better , but 
resistance changes in value with time. Therefore , standard resistors have 
to be recalibrated peri9dically (72 ). The power capacity of these resis­
tors needs to be great enough to allow comparisons to be made with the 
desired precision (7 3) . 
Manganin wire is usually used in precision resistors. Resis-
tance to corrosion or oxidation is obtained by a protective coating or 
by sealing in airtight containers. Unsealed resistors usually increase 
in resistance with time. Constantans , which are often used in precision 
ac resistors , are corrosion resistant , inexpensive , and easy to work with 
(7 4) . 
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The potentiometer method of measuring resistance is used where 
0 . 1  percent or better accuracy is required . The circuit diagram for this 
method is shown in Figure 5-1. The resistance of the unknown is obtained 
by the following formula: 
where 
and 
Ex is the potential across .the unknown resistor , 
Es is the potential across the standard resistor, 
Rs is a resistance standard . 
(5 -1) 
The current through the measuring circuit must be kept constant in order 
that the potentiometer can be used (75). The potentiometer method of 
measuring precision resistances has the advantage over other bridges 
in that the unknown resistance is measured in terms of a standard 
resistance (7 6). 
The calibration laboratory has a Siemens and Halske, Serial 
Number 3 28 23 8 , SDSU 3 8 7 4 0 , 0. 1 ohm standard that had a value measured 
by the National Bureau of Standards of O _. 10 0 0 6 5 absolute ohm. At the 
time of the test in 1949, this value was correct to -±; 0. 001 percent. 
This standard resistor was used as a starting point in the potentiometer 
method of measuring resistances. The values of the 1 ohm and the 10 ohm 
FIG URE 5-1 
General Calibration Circuit 
+ 
E 
FIG URE 5- 2 
Calibration Circuit for l Ohm Secondary Resistance Standard 
E -
E :  6 volt, 1 2  0 ampere hour storage battery 
Rv : 1 .  5 k ilohm rheostat 
Rs : 0 . 1  ohm standard resistor 
P1: Leeds & Northrup 8 6 8 6  millivolt potentiometer, SDSU 52 455 
Rx : approximate l ohm secondary resistor 
Pz :  Leeds & N orthrup K- 2 potentiometer, SDSU 6 8 4 2 6 
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secondary sta·ndard resistors were measured in conjunction with the O . 1  
ohm standard. The 1 0  ohm secondary standard was then used to measure 
the value of 1 0 0  ohm resistor. This procedure was extende d to 10  megohms. 
A Grant 6 volt storage battery was used as a power supply to provide a 
steady current. 
Figures 5-2  through 5- 9 and Tables 5-1  through 5-8 show the 
circuits and the measured , calculated , and average values of the · 1 through 
10  megohm resistors . The readings in the first three rows in each table were 
taken with the power supply connected between readings. The readings of 
the last three rows were taken with the power supply switched out of the 
circuit between readings . 
The calibrated standards ·from 10 to 10 megohms were measured 
on the Leeds and Northrup 4 7 3 5  Wheatstone bridge. One or more ignition 
batteries and the Leeds and Northrup D- C null detector were used in 
conjunction with the Wheatstone bridge. Table 5- 9 shows the bridge values 
of the resistors and the percent deviation between the potentiometric read­
ing and the Wheatstone bridge reading. Since the unknown resistance was 
calculated from equation (5 - 1 ), the mathematically related error was 
calculated by the same method as equations (3- 3) and (4-4) to be 
(5 - 2 )  
FIGURE 5-3 
Calibration Circuit for 10 Ohm Secondary Resistance Standard 
E -
E: 6 volt, 12  0 ampere hour storage battery 
Rv: 2 2 3  ohm rheostat 
Rs: 0 . 1  ohm standa.rd resistor 
P1: Leeds & Northrup 86 86 millivolt potentiometer, SDSU 5 2 45 5 
Rx: approximate 1 0  ohm secondary resistor 
Pz: Leeds & Northrup K- 2 potentiometer, SDSU 6842 6  
FIGURE 5-4 
Calibration Circuit for 100 Ohm Secondary Resistance Standard 
E 
E: 6 volt, 12 0 _ampere hour storage battery 
Rv: 1. 5 kilohm rheostat 
Rs: 1 0  ohm secondary standard res
istor 
P1: Leeds & Northrup 8686 millivolt po
tentiometer, SDSU 5 2 4 5 5  
Rx: approximate 10 0 ohm secondary standard res
istor 
Pz :  Leeds & Northrup K-2 potentiometer, SDSU 6 8 42 6 
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FIGURE 5-5 
Calibration Circuit for 1 Kilohm Secondary Resistance Standard 
E -
E : 6 volt, 1 2  0 ampere hour storage ·battery 
Rv : two 10 kilohm rheostats 
Rs : 100 ohm secondary standard resistor 
Pi : Leeds & Northrup 8 6 8 6- millivolt potentiometer , SDSU 5 2455 
Rx : approximate 1 kilohm secondary standard resistor 
Pz : Leeds & Northrup K- 2 potentiometer, SDSU 6 8 4 2  6 
FIGURE 5-6 
Calibration Circuit for 10 Kilohm Secondary Resistance Standard 
E l 
E :  6 volt , 1 20 ampere hour storage battery 
Rv : 55K rheostat 
Rs : 1 kilohm secondary standard re sist
or 
P1 : Leeds & Northrup 8 6 86 millivolt potentiometer ,
 SDSU 5 2455 
Rx: approximate 10 kilohm secondary standa
rd resistor 
Pz : Leeds & Northrup K- 2 potentiometer , SDSU 6 8 4 2  6 
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FIGURE 5 -7 
Calibration Circuit for 100 Kilohm Resistance Standard 
Rv 
E 
E :  6 volt, 12 0 ampere hour storage battery 
Rv : 1 megohm rheostat 
Rs : 10  kilohm secondary standard resistor 
Pi : Leeds & Northrup 8686 millivolt potentiometer, SDSU 524 5 5  
Rx : approximate 1 00 kilohm secondary standard resistor 
P2 : Leeds & Northrup K-2 potentiometer, SDSU 68426 
FIGURE 5 -8 
Calibration Circuit for 1 megohm Resistance Standard 
E -
E :  6 volt , 12 0 ampere hour storage battery 
Rv : rheostats totaling 4 megohms 
Rs : 100 kilohm secondary standard resistor 
P :  Leeds & Northrup K-2 potentiometer, SDSU 68426 
Rx: approximate 1 megohm secondary standard resistor 
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FIGURE 5- 9 
Calibration Circuit for 10 Megohm Secondary Resistor 
E : , 6 volt, 12 0 ampere hour battery 
Rv: rheostats totaling 2 4  m egohm 
Rs: 1 m e gohm secondary standard resistor 
P: Leeds & Northru p K- 2 potentiometer, SDSU 6 842 6  
Rx: approximate 10 m egohm secondary standard resistor 
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TABLE 5-1 
Calibration Data for SD SU 387 29 l Ohm Resistor with SDSU 387 40 
0 .1 Ohm Standard Resistor 
Time 
8 :45 
8 :50 
8:55 
9:00 
9 :05 
9: 10 
Ea. I Std. 
(mv} 
1. 1660 
1. 1658 
1. 165 9  
l. 1 5  5 2  
l. 1553 
1.1556 
TABLE 5- 2 
E1 R 
Calculated 
(mv) ( ohms) 
11. 658 l. 00048 
11. 656 1. 00048 
11. 656 1. 00039 
11. 544 0. 9 9 9 96 
11. 54 2 0. 9 9 9 70 
1 1. 548 0. 9 9 9 9 7  
Average 1. 00016 
Calibration Data for SDSU 38 7 29 10 Ohm Resistor with SDSU 387 40 
0. l Ohm Standard Resistor 
Time Eo .1 Std . El R1 
Calculated 
(mv) (mv) (ohms) 
9:30 10. 060 1. 004 9 2 9. 9 95 7 5  
9:35 10. 05 2 l. 004 2 0 9. 9 9 654 
9: 40 10. 04 7 1 .  00366 9 . 9 96 13 
9:45 10. 109 1. 009 98 9. 9 9 738 
9:50 10. 1 10 I. 00983 9. 9 9 49 1  
10:00 10. 1 10 1. 0 1007 9. 9 9 7 29 
Average 9. 9 9633 
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TABLE 5...;3 
Calibration Data for SDSU 3872 9 1 00 Ohm Resistor with SDSU 3 872 9  
10 Ohm Calibrated Secondary Standard Resistor 
Time E10  Std. E100 R1 00 
Calculated 
(mv) (mv) (ohms) 
1 1 : 10  42 . 322 0. 42323 9 9 . 9 8 63 
1 1 : 15 42 . 322 0. 4232 4 9 9 . 9 6 8 0  
1 1 :2 0 42 . 322 0. 4232 4  9 9 . 9 6 8 0 
1 1 :2 5 42 . 32 3  0. 42 32 5  9 9 . 9 6 8 0 
1 1 :30 42 . 32 6 0. 4232 7 9 9 . 9 656 
1 1 :35 42 . 32 6  0. 4232 7 9 9 . 9 656  
Average 9 9. 9 6 6 9  
TABLE 5-4 
Calibration Data for KS- 8 5 12 LS 0A 1000 Ohm Resistor with SDSU 3872 9 
1 00 Ohm Calibrated Secondary Standard Resistor 
Time E100 Std. E1 000 Rl O O O  
Calculated 
(mv) (mv) (ohms) 
12 :30 42 . 438 0. 4 1453 976. 4 6 6  
12 :35 42. 432 0. 4 1453 976. 6 04 
12 :40 42 . 432 0. 4 1454 976. 62 8 
12 :45 42 . 432 0. 4 1454 9 7 6 . 62 8  
12 :50 42. 43 1 0. 4 1455 9 7 6. 6 74 
12 :55 42 . 432 0. 4 1455 9 7 6 . 650 
Average 976 . 6 0 8  
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TABLE 5 - 5 
Calibration Data for SDSU 3 8 742  10 , 0 0 0  Ohm Resistor with KS- 8 512  
L5 0A Ohm Calibrated Secondary Standard Resistor 
Time 
1:2 0 
1:2 5 
1:3 0 
1:3 5 
1:4 0  
1:45  
E1 , ooo  std. 
(mv) 
9 0 . 0 7 8  
9 0 . 0 6 8  
9 0 . 0 9 3  
9 0 . 0 7 2  
9 0 . 0 5 6  
9 0 . 4 09 
TABLE 5- 6 
E10 , 0 0 0 
(mv) 
0 . 92 2 17 
0 . 92 2 3 7  
0 . 92 2 4 7  
0 . 92 2 4 0 
0 . 9 2 2 2 5  
0 . 9 2 5 8 0 
Average 
Rio , 0 0 0  
Calculated 
(ohms) 
9 , 9 9 7 . 9 9 
9 , 99 9 . 82 
9 , 9 9 9 . 8 7 
10 , 0 0 1 . 14 
10 , 0 0 1 . 3 0 
10 , 0 0 0 . 6 0 
10 , 0 0 0 . 1  
Calibration Data for 10 0 , 0 0 0  Ohm Resistor with SD SU 3 8 742  10 , 0 0 0  
Ohm Calibrated Secondary Standard Resistor 
Time 
2 : 0 0 
2 : 0 5  
2 :  10 
2 : 15 
2 : 2 0 
2 : 2 5 
E10 , 0 0 0 Std . 
(mv) 
4 9 . 64 8  
4 9 . 6 5 5  
4 9 . 6 6 0 
4 9 . 6 7 7  
4 9 . 6 7 7  
4 9 . 6 7 7  
E10 0 , 0 0 0  
(mv) 
. 4 9 3 5  1 
. 4 9 3 6 6  
. 4 9 3 6 9  
. 4 9 3 7 7  
. 49 3 8 1 
. 493 83  
Average 
R10 0 ,  0 0 0  
Calculated 
(ohms) 
9 9 , 4 02 . 7 
9 9 , 4 18 . 9  
9 9 , 4 15 . 0 
9 9 , 3 9 7 . 0  
9 9 , 4 05 . 1 
9 9 , 4 0 9 . 1 
9 9 , 4 0 8 . 0  
7 7  
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TABLE 5-7 
Calibration Data for 1, 000, 000 Ohm Resistor with 100, 000 Ohm Calibrated 
Secondary Standard Resistor 
Time 
3 :05 
3 :  10 
3 :  15 
3 : 20 
3 : 25 
3 :30 
E100, 000 
(v) 
. 133088 
. 133 08 1 
. 133098 
. 133 103 
. 133 18 6 
. 13 3 188 
Std. 
TABLE 5-8 
E1, o o o, o o o  R 1, 000, 000 
Calculated 
(v) (ohms) 
1. 33 55 2 997, 545 
1 .  3355 2 997, 5 98 
1. 33556 997, 50 1 
1. 3355 2 997, 433 
1 . 33 645 997, 506 
1. 33 6 5 2 997, 54 2 
Average 9 9 7  I 5 2  1 
Calibration Data for 10 Megohm Resistor with 1 Megohm Calibrated 
Secondary Standard Resistor 
Time 
1 2  :40 
1 2  :45 
1 2  :50 
1 2  :55 
1 :00 
1 :05 
E1M 
(v) 
. 10933 7 
. 10933 5 
. 1093 4 6  
. 10930 1  
• 1093 1 6  
. 109278 
E!QM RIQM 
Calculated 
(v) (ohms) 
1. 14863 10, 479, 400 
1. 14892 10, 48 2, 200 
1. 1490 I 10, 48 2, 000 
1. 1487 1 10, 483 , 500 
1. 14859 10, 48 1, 000 
1. 1485 7 10, 484, 500 
Average 10, 48 2, 100 
TABLE 5- 9 
Comparison of the S econdary Resistors Measured by the Potentiometric 
Method with the Same R esistors Measured on the Leeds and Northrup 
4 735 Wheatstone Bridge 
Resistance Resistance Resistance of Re sistance Deviation 
Pot. Method Wheatstone Leads to Wheatstone Between 
Bridge Re sistor Bridge Less Two 
Lead Methods 
Resistance 
(ohms) (ohms) (ohms) (ohms) (%) 
9. 99633 10. 0 149 . 01895 2 9. 99595 . 0038 
' 99. 96 69  100 . 0 145 . 01895 2 99 . 9 955 . 0 2  8 6  
976. 6 9 8  9 7 6. 84 . 036 153 97 6 . 80 • 0 19 7  
10, 000. 1 10 , 004. 15 . 0 18 95 2 10, 004. 1 . 040 
99, 408 9 9 , 73 8  Insignifi- . 3 32 
cant 
9 97 I 5 2  1 , 0 0 1, 15 0 Insignifi- • 3 64 
cant 
10, 4 8 2, 100 10, 47 6, 200 Insignifi- . 05 6 3  
cant 
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The worst case occurs when 6E s is of the opposite sign of 
.6R5 and .6Ex. 
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For example , Ex is  1.  00492 volts with an error of ± 0. 02 percent 
of the indicated value , E s is  0 .  01006 0 volt with an error of ± 0.  03 percent 
+ 3 µv of the indicated value , and Rs is 0. 10 0065 ohm :t 0. 0 01 percent of 
its value. 
Therefore , 
and 
.6Rx = 0. 0 024 03 6  
Rx = 9 .  9 9 63 3  
.6 Rx = 0 .  024 percent 
The worst case value of this resistor is 9 .  9 9 633 ± 0 . 024 percent of this 
value. 
CHAPTER VI 
CALIBRATION OF FREQ UENCY METERS 
Precise  frequency calibrations traceable to  the U . S .  
frequency standard are pos s ible through compari son of a local stand­
ard a ga inst low frequency standard s ignals  t ransmitted by the Nat ional 
Bureau of Standards at Fort Collins _, Colorado ( 7 7 ) . 
WWV ,  a n  N BS stat ion , broadca st s continuou s ly on carrier 
frequencies of 2 .  5 ,  5 ,  10 , 15 , 2 0 ,  3 0 ,  and 3 5 MHz in the short wave 
band . Modulation frequ encies of 6 0 0  Hz  and 4 4 0  H z  each have a 
duration of two minutes . At the hour the 6 0 0  Hz s ignal  i s  broadca st 
for two minute s .  At 5 m inute s pa st_ the hour the 4 4 0  Hz s ignal is broad­
ca st for two minute s .  This pattern i s  alternated around the h our with 
the except ion that the 4 40 Hz s ignal is omitted during the s ilent minutes  
4 5 - 4 9  of  each hour . 
WWV i s  a ccurate to within 1 part in 10 8 . The accura cy i s  
greater than this a t  the transmitter ,  but atmospheric  condition s may 
reduce the accuracy at rece iving stat ions . 
The 10 MHz transmi s sion signal wa s used from WWV to 
calibrate a Hewlett Packard 5 2 4A counter . Atmosph eric interference s 
u sually are at their minimum when noon or midnight i s  midway between 
8 1 
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WWV and the receiving station. Since there is about one hour t ime 
difference between Fort Collins, Colorado, and Brookings, South Dakota , 
the calibration of the 52 4A with WWV took place around 12 :30 ( 7 8) .  
The 52 4A was allowed a 4 8  hour warmup. The 5 2 4A Standard 
Frequency Output connector was connected to a wire that was coupled to the 
receiver antenna as shown in Figure 6-1 (79) . The WWV audio signal, 
M minus e ,  the error frequency of the 5 2 4A oscillator, is essentially 
the only frequency present at the output of the receiver. This signal, 
M - e, is applied to the vertical input of an oscilloscope and synchronized 
with an external oscillator.  
The frequency counted on the 52 4A is the frequency M - e. 
The error frequency, e, of the 52 4A frequency counter is determined by 
subtracting the counted frequency on the 52 4A from M, the WWV audio 
signal of either 440 or 600 Hz (80) . 
Tables 6-1 and 6-2 list the time the data were taken over a 
three day period, the frequency counted on the 52 4A counter, the error 
in the counter and the approximate drift time of the oscilloscope pattern. 
The counted frequency was taken four times over the two minute interval 
of audio broadcasts. For good results the drift or variat ion of the signal 
of the audio oscillator should be very small. 
Each tenth of a cycle difference between the audio-oscillator 
frequency and M corresponds to a 52 4A oscillator error of about 5 parts 
in 10 9 ( 81) . 
FIGURE 6- 1 
Equipment Setup for Check ing 5 2 5  Oscillator against WWV 
\ I 
Receiver 
coiled Hallicrafters 
wire 
SDSU 52 013 
f'")OO('"'\ 
¥ ¥ ¥ 
Frequency Counte "' 
Hewlett Packard SDS U 5 1612 
Model 5 2 4A 
0 0 
0 
Oscilla s cope 
- SDS U  3 8 5 2 1  
Dumont 4 01A 
Signal Generator 
Hewlett Packard 
Model 2 05AG 
0 
-
CX) 
(.,.) 
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TABLE 6-1 
Data Taken Over Three Consecutive Days, Tuesday through Thursday , 
October 13-15 , at 44 0 Hz 
Time Frequency of 524A Error in Approximate 
Oscillator Counter Drift Time 
(Hz) (Hz) (Sec) 
12: 15 44 0. 0 0. 0 2 5  
44 0. 0 0. 0 2 5  
439. 8  + 0. 2 
44 0. 0 0. 0 
12 :25 44 0. 2 - 0 . 2  2 
44 0. 0 0. 0 3 
44 0. 2 - 0. 2 
44 0. 0 0 
12 :35 44 0. 2 - 0. 2 2 
44 0. 2 - 0 . 2  
44 0. 0 0 3 
44 0. 0 0 
12 : 5 5  44 0. 0 0 19 
44 0. 0 0 
44 0. 0 0 
44 0. 0 0 
1: 05 439. 8  + 0. 2 3 
439 . 8  + 0. 2 
439 . 8  + 0  . 2  
439. 8 + 0. 2  
1: 15 44 0. 0 0. 0 40. 7 
44 0. 0 0. 0 
439. 8 + 0. 2 3 
439. 8 + 0. 2  
12 : 15 44 0. 0 0. 0 
44 0. 0 o . o  10 
44 0. 0 0. 0 
439 . 8  + 0. 2 13 � 8 
12 :25 44 0. 0 0. 0 24. 4 
44 0. 0 0. 0 2 5 . 0 
44 0. 2 .- 0. 2 
44 0. 0 0. 0 23. 6 
12 :35 44 0 . 2 - 0. 2 3 
44 0 . 0  0. 0 
44 0 . 2 - 0. 2 3 
44 0. 2 - 0 . 2  
Total 0. 0 
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TABLE 6- 2 
Data Taken Over Three Consecutive Days , Tuesday through Thursday , 
October 13-15 , at 60 0 Hz 
Time Frequency Counter Error in Approximate 
Counter Drift Time 
(Sec) 
1 1 : 5 0  60 0. 0 0. 0 
60 0 . 0  0. 0 
60 0. 0 0. 0 
600. 0 0. 0 4 0  
1 2  : 0 0  5 9 9. 8 + 0. 2 3 
5 9 9. 8 + o .  2 
60 0. f
f 
0. 0 
5 9 9. 8 + o .  2 
1 2 :  10 5 9 9. 8 + o  . 2  
5 9 9. 9 + 0. 1 
60 0. 0 0. 0 1 5  
60 0. 2 - 0. 2 
1 2  : 00 60 0. 0 0. 0 
60 0. 0 0. 0 25 
60 0. 0 0. 0 
60 0. 0 0. 0 
1 2 :  10 60 0. 4 - 0. 4 
600. 4 - 0. 4 1 . 5  
60 0. 4 - 0. 4 
60 0. 4 - 0. 4 
1 2  :2 0 60 0. 0 0. 0 
60 0. 2 - 0. 2 4 
60 0. 4 - 0. 4 1. 5 
60 0. 4 - 0. 4 
1 1 : 5 0  60 0. 0 0. 0 
60 0. 0 0. 0 19 . 4 
600. 0 0. 0 
60 0 . 0  0. 0 
1 2  : 00  600. 0 0. 0 1. 6 
5 9 9. 8 + 0. 2 2 
600 . 0  0. 0 2 
60 0. 0 0. 0 2 
1 2 : 10  60 0. 0 0. 0 4 0 . 8  
600. 0 0. 0 1 9. 0 
60 0. 0 0. 0 
60 0. 0 0. 0 
Total - 1 . 7 
When measuring frequency , the accuracy of the Model 524A 
is determined by three factors. 
1. The stability of the internal 1 0 0  KHz oscillat or is 2 parts 
per million per week. 
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2. The last digit in any reading may be in error by .:±- one count. 
3. The precision of the gate opening and closing is 1/10 micro­
second. 
The error due to 2 and 3 above can be minimized by using the 10 second 
gate position ( 8 2) .  
For example , within one week after being standardized with 
WWV ,.. the Model 52 4A was used to measure a l  MHz signal on the one 
second gate position. The contributions of the above factors to the total 
possible error would be 
1. 2 parts 
I million parts 
2. 1 count 
1 million counts 
3. 1/10 microsecond 
1 million microseconds 
-6 The total possible error = 3 . 1  x 10 . 
= O. l x lO- G 
Another example is a 60 Hz signal being measured on the 10  
second gate position with the Model 5 2  4A within four weeks after being 
standardized with WVVV .  The contributions of the above factors to the 
total possible error would be 
1 .  8 parts 
1 million parts 
2. 1 count 
6 00 counts 
3 .  1/10 microsecond 
1 0  million microseconds 
-3  The total possible error = 1. 68  x 10 
= 1. 67 X 10-3 
Frequency meters are calibrated by using the same indication 
for the precision meter and the 524A frequency counter. 
The counted indication of the 52 4A is then compared with the 
indication of the unknown. The total possible error at that frequency is 
calculated by the above method. 
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CHAPTER VII 
CONCLUSIONS 
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The calibration laboratory has secondary standards that can 
calibrate de voltages from 1 millivolt to 650 volts. For voltages in the 
millivolt range, the Leeds and Northrup 8 6 8 6  potentiometer has an accuracy 
of ± 0.  03 % of reading + 3 /..A. v. For · voltages from O .1  to 1. 61 volts the 
Leeds and Northrup K- 2 potentiometer has an accuracy of .:!- O. 0 2  percent 
of the indicated value. 
The secondary standard voltmeter for de voltages from 1. 61 
to 15 volts is the General Electric D P-1 2  voltmeter, SDSU 4 7 542 . Due 
to the large correction factor, variation in repeatibility of correction 
curve, and zeroing problems, it is recommended that a different standard 
be used for this range. 
The secondary standard voltmeter for de voltages from 3 0 to 
650 volts is the General Electric DP-1 2 voltmeter, SDSU 47543. The 
accuracy of this meter should be better than O .  2 6 percent of the full-
scale value. 
The secondary standard for ac voltages from 30 to 300 volts 
for frequencies up to 133 Hz is the General Electric Type P-3 electro­
dynamometer voltmeter. This meter has an estimated accuracy of 
better than ± O. 2 l percent of the full-scale value. This meter may also 
8 9  
b e  used on de. 
The Hewlett Packard 4 0 0E ac voltmeter is the s econdary standard 
for voltages from 3 millivolts to 3 0 0 volts for frequencie s from 1 0  H z  to 
1 0  MHz . Thi s  meter also has a range of 0- 1 millivolt for frequencie s from 
1 0  Hz  to 4 MHz. It i s  recommended that this meter be checked against an 
ac calibrator at the s ervice facilities of Hewlett Packard, 2 4 5 9  University 
Avenue, St. Paul, Minnesota 5 5114. The calibration accuracy of this 
calibration s hould be checked again st the thermocouple and voltage 
divider data. 
The secondary standard ammeter for ac and de current is the 
Gen eral Electric magnetic vane ammeter ,  SDS U 472 95. It has an accuracy 
of b�tter than ±" O. 0 6 percent of the full- scale value up to 13 3 Hz . This 
meter was calibrated with a shunt ·borrowe_d from the · Physics Department. 
It is recommended that the laboratory obtain a Leeds and Northrup O . 1  ohm, 
15  amp shunt . 
The secondary standard ammeter for de current to 5 0 amps 
employs the use of an external 1 0 0  amp, 5 0  mv shunt and a We ston de 
movement, SDS U 4 7 3 5 0 .  The accuracy of this shunt and its movement 
is better than ± - 0. 7 0 percent fo the full scale value . 
The s econdary resistance standards up to 1 0  kilohms have 
+ . d an accuracy of better than - 0. 04 percent of the stated value an an 
. accuracy of better than ± 0 .  4 percent from 1 0  kilohms up to 1 0  megohms .  
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The Hewlett Packard 5 2 4A is the secondary frequency standard . 
Its accuracy is better than O. 0 0 04 percent at- 1 MHz . 
The ammeters and voltmeters should be calibrated every three 
to four months . A quick check at zero and a couple of other points would 
be enough to determine if the correction factors still hold. The resistance 
standards should be recalibrated every 6 months . The oscillator of the 
frequency counter can be quickly calibrated with a zero beat against WWV 
every time it is used. The above recommended frequency of calibration 
also depends upon the personnel , use , and history of the equipment . 
It is recommended that a new 7 3 0 8 Epply unsaturated standard 
cell be purchased for the calibration laboratory . This cell should be kept 
in the laboratory for comparison purposes only and should not be exposed 
to the hazards of routine operation. This cell should be sent to a 
standardizing laboratory at least once a year for certification . A recovery 
period of 2 4  hours to 1 week should be allowed following shipment of 
this cell or exposure to large temperature changes . 
It is also recommended that the 0 . 1  ohm Siemens and Halske, 
Serial Number 3 2 82 3 8 , standard resistor and the shunts used for calibrat­
ing current be sent to a standardizing laboratory once a year . 
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APPENDIX 
The calibration tag suggested for use in the South Dakota State University 
calibration laboratory is as follows : 
Obverse side 
General Electric D C  Voltmeter, SDSU 47542 
0-15 0 Volt Range 
Meter Indication 
(volts) 
0 
3 0  
4 0  
5 0  
6 0  
7 0  
8 0  
9 0  
1 0 0  
1 1 0 
12 0 
13 0 
14 0 
15 0 
Correction 
(volts) 
+ 0. 13 
+ 0. 0 7  
+ 0. 14 
+ 0. 0 7  
+ 0. 2 7 
+ 0. 1 7  
- 0. 0 1  
+o. 1 6  
+ 0. 21 
+ 0. 08 
+ 0. 3 7  
+ 0. 29 
+ 0. 0 7  
Revers e  Side 
T e sted  at 
Date 
By 
South Dakota State Univers ity 
Augu st 2 4 , 1 97 0 
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